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Referat:
Mineralstaub und Seesalz sind der Masse nach die ha¨ufigsten Aerosoltypen und dominieren
den natu¨rlichen Aerosolanteil. Die vorliegende Arbeit untersucht, wie deren optische Eigen-
schaften durch atmospha¨rische Prozesse vera¨ndert werden.
Im Rahmen der vorliegenden Arbeit wurde ein Drei-Wellenla¨ngen-Polarisationslidar ent-
wickelt, um ferntransportierten Wu¨stenstaub zu untersuchen. Die der Arbeit zugrunde lie-
genden Messungen wurden im Rahmen der SALTRACE1-Kampagne auf Barbados (13◦N,
59◦W) in den Jahren 2013 und 2014 durchgefu¨hrt. Die Lidarmessungen in Barbados erga-
ben, dass der Saharastaub nach einem Transportweg von 5000 km u¨ber den Atlantik im
Mittel (21 Fa¨lle) ein lineares Partikeldepolarisationsverha¨ltnis von 0.25± 0.03 bei 355 nm,
0.28± 0.02 bei 532 nm und 0.23± 0.02 bei 1064 nm aufweist. Im Vergleich mit vorangegan-
gen Messungen in Marokko und auf den Kapverden wurde kein signifikanter Unterschied der
Werte bei 355 und 532 nm festgestellt. Lediglich die Abnahme des Depolarisationsverha¨lnisses
bei 1064 nm zwischen Marokko und Barbados deutet auf einen Verlust der gro¨ßeren Staub-
partikel hin, ein Ergebnis, das von flugzeuggetragenen in-situ-Messungen bekra¨ftigt wurde.
Die optischen Eigenschaften von marinen Aerosolpartikeln wurden in Abha¨ngigkeit
der relativen Feuchte (RH) gemessen. Zu diesem Ziel wurden die Polarisations- und
Wasserdampfmessungen des Lidars mit den Temperaturprofilen der Radiosonde kombi-
niert. Der Phasenu¨bergang von spha¨rischen Seesalzpartikeln bei hoher relativer Feuchte
zu nichtspha¨rischen (wu¨rfelartigen) Seesalzkristallen bei geringer relativer Feuchte (<50%
RH) konnte durch einen starken Anstieg des Partikeldepolarisationsverha¨ltnisses von 0.02
auf 0.12, 0.15 und 0.10 bei 355, 532 und 1064 nm beobachtet werden. Die Bestimmung der
Wachstumsfaktoren des Extinktionskoeffizienten bei einem Anstieg der relativen Feuchte von
40% auf 80% ergab 1.94± 0.94, 3.70± 1.14 und 5.37± 1.66 bei 355, 532 und 1064 nm. Die
ausschließlich marin gepra¨gten Luftmassen u¨ber Barbados Ende Februar 2014 wa¨hrend der
SALTRACE-Winterkampagne boten ideale Messbedingungen.
Als weiterer Beitrag zur Charakterisierung der optischen Eigenschaften atmospha¨rischer
Aerosole wurde im Rahmen dieser Arbeit zum ersten Mal der Extinktionskoeffizient und
das Lidarverha¨ltnis bei 1064 nm gemessen. Die neue Technik basiert auf der Rotations-
Ramanstreuung bei 1064 nm und wurde in einer Zirruswolke getestet, da dort der Extinkti-
onskoeffizient im beobachteten Bereich wellenla¨ngenunabha¨ngig ist.
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Abstract:
Mineral dust and sea salt are the most abundant aerosol types (by mass) dominating the
natural aerosol load. The present thesis investigates how their optical properties change due
to atmospheric processes.
In the framework of this thesis, a triple-wavelength polarization lidar was developed for
studies of desert dust after long-range transport. The measurements included in this thesis
were performed in the framework of the Saharan Aerosol Long-Range Transport and Aerosol–
Cloud-Interaction Experiment (SALTRACE) at Barbados (13◦N, 59◦W) in 2013 and 2014.
In the Saharan dust plumes over Barbados after an atmospheric transport of 5000 km across
the Atlantic an average (21 cases) particle linear depolarization ratio of 0.25± 0.03 at 355 nm,
0.28± 0.02 at 532 nm, and 0.23± 0.02 at 1064 nm was measured. When comparing these
results to values of previous observations in Morocco and Cabo Verde, no significant change
in the depolarization ratio at 355 and 532 nm of Saharan dust was detected. A decrease in
the depolarization ratio at 1064 nm between Morocco and Barbados points to a loss of the
larger dust particles, a result that was corroborated by air-borne in situ observations.
The optical properties of marine aerosol particles were measured under changing ambient
relative humidity (RH). For this purpose the polarization and vapor measurements of the
lidar were combined with the temperature profile of the radiosonde. The phase transition
from spherical sea salt particles under humid conditions to non-spherical (cubic-like) sea
salt crystals under dry conditions (<50% RH) could be observed. A strong increase in the
particle depolarization ratio from values around 0.02 to values of 0.12 at 355 nm, 0.15 at
532 nm and 0.10 at 1064 nm for cubic-like marine particles was found. A particle extinction
enhancement factor of 1.94± 0.94, 3.70± 1.14 and 5.37± 1.66 at 355, 532 and 1064 nm was
observed under pristine marine conditions for an increase in RH from 40% to 80% . The
measurements were performed while pure marine conditions prevailed at Barbados during
the SALTRACE winter campaign at the end of February 2014.
In the framework of this thesis, as a further contribution to the characterization of the
optical properties of atmospheric aerosols, the extinction coefficient and the lidar ratio at
1064 nm were measured for the first time. The new technique is based on rotational Raman
scattering at 1064 nm. The new method was tested in a cirrus cloud taking advantage of
the wavelength independence (in the 355–1064 nm range) of the extinction coefficient.
Eine ganz eigene Liebe
und Kindlichkeit geho¨rt,
nebst dem deutlichsten Verstande
und dem ruhigsten Sinn,
zum Studium der Natur.
Novalis
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1Chapter 1
Introduction
Aerosol particles are a major component of the atmosphere influencing weather and climate
on Earth. Their impact on cloud formation, precipitation and the radiation budget of the
planet is subject of current research. The IPCC report [IPCC, 2013] separates two pathways
of interaction of aerosols with climate, the direct and indirect aerosol effect. Aerosol particles
scatter and absorb incoming solar and outgoing terrestrial radiation (direct effect). There
are various ways for the interaction of aerosols with clouds (indirect aerosol effect). Aerosol
particles are required in the cloud formation process by acting as cloud condensation nuclei
(CCN). Their ability to partly serve as ice nucleating particles (INP) influences ice formation
and precipitation and thus the hydrological cycle as a whole.
Anthropogenic and natural aerosol components contribute to the atmospheric aerosol
burden. Mineral dust and sea salt are the most abundant aerosol types (by mass) dominating
the natural aerosol load. The aerosol distribution is highly variable in time and space,
horizontally and vertically.
The major source regions of mineral dust are the large deserts in North Africa and Asia.
The Sahara (more generally North Africa) contributes approximately 70% to the total global
dust emission [Huneeus et al., 2011]. Wind systems transport Saharan dust out of Africa, e.g.,
towards Europe, where it influences weather, visibility and air quality [e.g., Prodi and Fea,
1979; Rodr´ıguez et al., 2001; Ansmann et al., 2003; Papayannis et al., 2005; Israelevich et al.,
2012]. Most of the Saharan dust is however advected to the west, towards North and South
America including the Caribbean [e.g., Prospero and Carlson, 1972; Prospero, 1999; Jung
et al., 2013; Weinzierl et al., 2017]. An efficient long-range transport of Saharan dust across
the tropical Atlantic occurs during the summer months in the well-defined so-called Saharan
air layer (SAL) [Prospero and Carlson, 1972; Karyampudi et al., 1999]. The dust transport in
the SAL offers the possibility to study the changes in the dust particle characteristics during
the long-distance travel at undisturbed conditions (without the impact of any anthropogenic
aerosol source along the transport path).
The dust particle size distribution strongly controls the radiative impact of dust [Tegen
and Lacis, 1996; Sokolik et al., 2001; Otto et al., 2007; Kok et al., 2017; Ginoux, 2017]
and sensitively influences CCN and INP number concentrations [DeMott et al., 2010, 2015;
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Kumar et al., 2011; Mamouri and Ansmann, 2016]. Therefore, the dust particle size dis-
tribution is in the focus of current research [Mahowald et al., 2014; Denjean et al., 2016;
Weinzierl et al., 2017]. In desert regions, dust is emitted with a certain size distribution
[Kok, 2011; Mahowald et al., 2014], but this size distribution changes during long-range
transport. Gravitational settling removes most of the large supermicron dust particles, but
recent measurements showed that dust particles in the SAL after transport over several thou-
sands of kilometers are larger than predicted by dust transport models [Ryder et al., 2013;
van der Does et al., 2016; Weinzierl et al., 2017]. Thus, gravitational settling as process
of particle sedimentation appears to be less efficient than assumed [Gasteiger et al., 2017;
Ansmann et al., 2017].
Since dust particles can act as CCN and INP during long-range transport, cloud processes
can in principle be responsible for the aging of dust particles, because they are able to change
the surface properties [Po¨schl, 2005], e.g., a sulfate coating may be added [Levin et al.,
1996], and the dust particles become more spherical in shape. The changed microphysical
properties of aged dust particles may enhance the ability to act as CCN [Kumar et al., 2011].
The complex mechanisms of the aging process of mineral dust are difficult to quantify for a
consideration in atmospheric models [Abdelkader et al., 2017].
Although a series of dust-related field campaigns have been conducted during the last
15–20 years to improve our knowledge on the influence of dust on atmospheric processes,
there are many open questions regarding the relationship between the size distribution,
shape characteristics, and chemical composition of desert dust particles and light scattering,
absorption and depolarization [Dubovik et al., 2006; Wiegner et al., 2009; Mu¨ller et al.,
2010, 2012; Gasteiger et al., 2011; Ansmann et al., 2011; Kemppinen et al., 2015a,b] and
the impact on the Earth’s radiation budget. The non-spherical irregular shape of mineral
dust particles complicates the task to find a realistic shape model and to provide the link
between the microphysical and optical dust properties. Numerous laboratory studies [Sakai
et al., 2010; David et al., 2013; Miffre et al., 2016; Ja¨rvinen et al., 2016] and modeling efforts
[Gasteiger et al., 2011; Kemppinen et al., 2015a,b] have been performed, but a significant
step forward in the development of a realistic dust shape model has not been achieved.
A better understanding of the link between the size–shape characteristics and the related
optical properties of dust would also improve remote-sensing retrieval techniques used to
derive, e.g., dust mass concentrations from spaceborne and ground-based remote sensing
observations [Veselovskii et al., 2010, 2016; Mu¨ller et al., 2013; Lopatin et al., 2013; Mamouri
and Ansmann, 2014, 2017; Chaikovsky et al., 2016; Bovchaliuk et al., 2016].
Lidar is the most appropriate technique for aerosol profiling. State-of-the-art multiwave-
length aerosol lidars use Nd:YAG lasers transmitting laser pulses at 355, 532 and 1064 nm.
Techniques have been developed to determine height profiles of the particle backscatter co-
efficient at three wavelengths and the extinction coefficient at 355 and 532 nm [Ansmann
and Mu¨ller, 2005; Eloranta, 2005]. Vertical profiles of the extinction A˚ngstro¨m exponent
(355 to 532 nm) and the backscatter A˚ngstro¨m exponent (355 to 532 and 532 to 1064 nm)
can be derived. The intensive property of the extinction-to-backscatter ratio, well known as
3lidar ratio, measured at 355 and 532 nm, can be used to distinguish different aerosol types.
Altogether, this set of parameters provide already valuable information on the shape, size
and composition characteristics of a given aerosol mixture, and this with high vertical and
temporal resolution.
The most important optical property to separate different aerosol types is however the
particle linear depolarization ratio [Burton et al., 2012; Groß et al., 2013; Mishchenko et al.,
2016] as it contains information about the particle shape. Non-spherical mineral dust par-
ticles cause a high depolarization ratio, whereas the depolarization ratio is close to zero
for spherical marine aerosol particles or fine anthropogenic haze particles. Furthermore,
Freudenthaler et al. [2009] and Burton et al. [2015] showed that the dust linear depolariza-
tion ratio significantly changes with the transmitted laser wavelength, probably as a result of
changing contributions of fine-mode dust particle (particles with diameters <1 µm, causing
relatively low depolarization) and coarse-mode dust particles (>1 µm, causing relatively high
depolarization) to the total depolarization ratio [Mamouri and Ansmann, 2014, 2017]. An
extension of the wavelength range towards larger wavelengths (1064 nm) was one of the rec-
ommendations formulated in the conclusions of the overview paper to the Saharan Mineral
Dust Experiment SAMUM-2 [Ansmann et al., 2011] to be more sensitive to changes in the
dust size distribution during long-range transport, especially with focus on the removal of
the large dust particles.
To study the size and shape effects of aged dust plumes and to reveal more information
about the optical properties of large dust particles, the triple-wavelength polarization Ra-
man lidar BERTHA [Backscatter, Extinction, lidar Ratio, Temperature, Humidity profiling
Apparatus; Althausen et al., 2000; Tesche et al., 2009b] was upgraded. The implementation
of new near-infrared channels now permits, besides the above mentioned optical properties,
simultaneous observations of particle linear depolarization ratios at 355, 532 and 1064 nm.
The Saharan dust measurements presented in this work, were performed in the framework
of the Saharan Aerosol Long-Range Transport and Aerosol–Cloud-Interaction Experiment
SALTRACE [Weinzierl et al., 2017] during three campaigns at Barbados (13◦N, 59◦W) in
2013 and 2014. The aim of the SALTRACE campaign was to study the modifications of
dust particle properties after long-distance travel from Africa to the Caribbean. The vertical
profiles of optical and microphysical properties of Saharan dust were measured with a com-
bination of active remote-sensing instruments (lidars) and in situ aerosol sampling devices
aboard the Falcon aircraft. The campaign was the continuation of the preceding campaigns
SAMUM-1 [Heintzenberg, 2009] in Morocco and SAMUM-2 [Ansmann et al., 2011] at Cabo
Verde and marks the final step of the SAMUM-SALTRACE project in the yearlong char-
acterization effort of Saharan dust from the source towards the far field of the long-range
transport after 5000 to 8000 km. Further field campaigns, which contributed to the char-
acterization of Saharan dust in the atmosphere over Africa and the tropical Atlantic, were
the Puerto Rico Dust Experiment PRIDE [Colarco et al., 2003; Reid et al., 2003], the Sa-
haran Dust Experiment SHADE [Tanre´ et al., 2003], the African Monsoon Multidisciplinary
Analysis (AMMA) [Redelsperger et al., 2006], the Dust and Biomass-burning Experiment
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DABEX [Haywood et al., 2008], the Dust Outflow and Deposition to the Ocean project
DODO [McConnell et al., 2008], the Fennec campaign [Ryder et al., 2013] and the Study
of Saharan Dust Over West Africa SHADOW [Veselovskii et al., 2016]. The modifications
of long-range transported Saharan dust were studied during the two SALTRACE summer
campaigns (June–July 2013 and 2014). Main results concerning the dust optical properties
are presented in Sect. 4.1 and Haarig et al. [2017a].
During winter and biomass-burning season in central western Africa, smoke is trans-
ported together with dust across the Atlantic [Ansmann et al., 2009; Baars et al., 2011].
However, there are also periods in winter without any continental aerosol impact on the ma-
rine environment in the Caribbean. Barbados was dominated by pristine marine conditions
throughout the second half of February 2014. There are only a few land locations on Earth
which offer such pure marine conditions [Sayer et al., 2012]. During the first half of the
SALTRACE-2 campaign (February–March 2014) the great opportunity was given to study
pure marine aerosol, even under largely varying ambient relative humidity (RH) from below
40% to almost 90%. These observations are another highlight of this thesis and are presented
in Sect. 4.2 and Haarig et al. [2017b].
The shape of sea salt particles strongly depends on RH. At typical values of RH > 80%
in the marine boundary layer, sea salt particles are liquid solution drops and thus spherical
in shape. When RH decreases to below 45%, they crystallize and become mostly cubic-
like in shape [Wise et al., 2007]. The change in particle shape leads to respective changes
in the optical properties, especially to an enhancement in the linear depolarization ratio.
The sensitive influence on the depolarization ratio can be used to monitor phase transition
aspects in large detail. Spherical and cubic-like sea salt particles have different scattering
phase functions and thus a different impact on the Earth’s radiation budget. The occurrence
of dried marine particles also affects the retrieval products of passive remote sensing [e.g.,
Dubovik et al., 2006] and lidar inversion methods [e.g., Veselovskii et al., 2010; Mu¨ller et al.,
2013]. The high depolarization ratio of dry marine particles can cause misinterpretations
in aerosol classification schemes [Burton et al., 2012; Groß et al., 2013]. The polarization
lidar technique, e.g., is used to separate the dust from non-dust fraction [Sugimoto and Lee,
2006; Tesche et al., 2009a; Mamouri and Ansmann, 2014, 2017] and relies on the assumption
that non-dust aerosol always produces depolarization ratios ≤0.05, and significant depolar-
ization is only caused by dry irregularly shaped dust particles. The presence of cubic-like
sea salt particles will consequently bias the retrieval of the dust fraction and will lead to an
overestimation of the dust concentration. As a consequence, satellite lidar retrievals from
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) may overestimate, e.g., the
dust-related extinction coefficient in coastal areas in cases in which the dust is mixed with
sea-breeze-related dried marine particles [Omar et al., 2009].
Sea salt crystallization and deliquescence could be observed with the triple-wavelength
polarization lidar BERTHA in the marine aerosol layer at Barbados over several days in
February 2014. The combined polarization and water-vapor Raman lidar observations to-
gether with a temperature profile from a radiosonde provided simultaneous information on
5the profiles of RH and the particle linear depolarization ratio with a temporal resolution of
5 minutes. Based on the RH and aerosol data set, particle shape effects which change with
ambient RH could be carefully measured. Furthermore, the measured backscatter coefficients
increased with RH so that the scattering enhancement factor of marine particles caused by
hygroscopic growth could be determined from the observations at 40% and 80% RH.
There are only a few reports of polarization lidar observations with focus on dry marine
environments in the literature. First evidence of an enhanced depolarization ratio for dry
marine particles was reported by Murayama et al. [1999] based on lidar measurements at
Tokyo. A clear separation from a potential dust influence was not possible. The authors
observed a peak in the particle linear depolarization ratio of 0.1 at 532 nm during a sea-breeze
event. In a laboratory study, Sakai et al. [2010] measured the particle linear depolarization
ratio of spherical sea salt particles (0.01±0.001) and crystalline sea salt particles (0.08±0.01)
at 532 nm. In situ studies of hygroscopic growth of marine aerosol particles advected from
the ocean have been reported at ground level from nephelometer measurements [e.g., Zieger
et al., 2013]. Locally emitted aerosols often add to the pure marine aerosol and reduce the
measured scattering enhancement. The SALTRACE pure marine lidar measurements can
be regarded as an important contribution to the investigations and optical description of
marine particles, and, as mentioned, are presented in Sect. 4.2 and Haarig et al. [2017b].
The successful implementation of the depolarization-ratio measurement at 1064 nm
and application during the three SALTRACE campaigns motivated the expansion of the
wavelength range towards 1064 nm also in the case of particle extinction and lidar-ratio
(extinction-to-backscatter ratio) measurements.
This development is an important contribution to the advance of aerosol lidar technology.
Presently, state-of-the-art multiwavelength aerosol lidars permit the measurement of height
profiles of particle backscatter and extinction coefficients at 355 and 532 nm [Ansmann and
Mu¨ller, 2005; Eloranta, 2005]. At 1064 nm only the backscatter coefficient is obtained. It
remained an open issue since more than two decades how to measure the aerosol extinction
coefficient and thus the lidar ratio at 1064 nm. The lidar ratio at 1064 nm is required to
derive extinction profiles from backscatter lidars with a 1064 nm channel, as it is the case for
the space-borne lidars CALIOP and the Cloud-Aerosol Transport System (CATS) [Winker
et al., 2009; Omar et al., 2009; Yorks et al., 2016] and many ground-based lidar systems of the
European Aerosol Research Lidar Network (EARLINET) and the Asian Dust and aerosol
lidar observation network (AD-Net) [Pappalardo et al., 2014; Baars et al., 2016; Nishizawa
et al., 2017]. Up to now, only simulated 1064 nm lidar ratios are available [e.g., Ackermann,
1998].
An interference-filter-based rotational Raman channel was implemented in the BERTHA
lidar system in October 2015 to measure the extinction coefficient at 1064 nm. The new
setup was successfully tested during the occurrence of a stable homogeneous cirrus layer.
Cirrus clouds have the advantage that the ice crystals are large compared to the emitted
wavelengths, so that their optical properties are independent of wavelength between 355 and
1064 nm. The wavelength independence was used to check the quality of the new method.
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These first 1064 nm extinction and lidar-ratio observations are presented in Sect. 4.3 and
Haarig et al. [2016].
The increased coverage of the wavelength spectrum regarding combined backscatter, ex-
tinction and linear depolarization ratio observations will offer new possibilities to investigate
the optical properties of all relevant aerosol types, which includes besides marine and dust
particles, also biomass-burning smoke and anthropogenic aerosols. First measurements in
Saharan dust and Canadian forest fire smoke were already successfully performed at Leipzig
in 2017.
The thesis is organized as follows: After an overview about the meteorological situation at
Barbados and the SALTRACE campaign (Chapter 2), an introduction of the lidar technique
with a special focus on the measurement of the depolarization ratio is given (Chapter 3).
The theoretical considerations were necessary to characterize the complex lidar system and
to provide an estimation of the measurement uncertainties. The results and discussions
(Chapter 4) are the cumulative part of the dissertation formed by three publications Haarig
et al. [2017a], Haarig et al. [2017b] and Haarig et al. [2016]. The articles contribute to the
following basic research questions:
1. How do the optical properties of Saharan dust (measurable with lidar) change during
long-range transport?
2. What (additional) information is conveyed in the spectral slope of the particle linear
depolarization ratio, now measurable from 355 to 1064 nm?
3. How do sea salt optical properties and shape characteristics vary with ambient relative
humidity?
4. Is it possible to measure, besides the depolarization ratio, also the particle extinction
coefficient and the lidar ratio at three wavelengths?
Conclusions and answers to these questions are given in Chapter 5, there ongoing research
and future applications of the new techniques are shortly presented as well.
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Observations at Barbados
2.1 Meteorological situation at Barbados
Barbados is the eastern-most island of the Caribbean (13◦N, 59◦W), 160 km east of its
neighboring islands on the Windward chain. To the east, the Atlantic Ocean extends over
5000 km towards the African continent. The highest elevation of Barbados is Mount Hillaby,
343 m above sea level. The island of Barbados covers an area of 430 km2 and has a population
of less than 300 000 inhabitants [Brockmann, 2013].
The climate in the eastern Caribbean is controlled by the trade wind circulation with
principal wind directions from northeast, east and southeast. The patterns of air masses
arriving at Barbados are related to the shift of the intertropical convergence zone (ITCZ).
The main scenarios are illustrated in Figure 2.1. In summer months, the ITCZ is shifted
northwards, so that air masses arriving at Barbados originate primarily from North Africa.
Dust emitted from the Saharan desert is transported in the so-called Saharan air layer (SAL)
across the Atlantic [Karyampudi et al., 1999]. In winter months, when the ITCZ is located
further south, two possible scenarios can occur. On the one hand, wind directions from
northeast to east result in pristine marine conditions as the air masses in most cases are
Atlantic Ocean Atlantic Ocean
Figure 2.1: The summer and winter transport regimes of aerosol particles over the Atlantic
towards Barbados with the shifts in the ITCZ.
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transported solely over the ocean. Two cases of pristine marine conditions are described in
Chapter 4.2. On the other hand, air masses originating from the Sahel zone, south of the
Sahara, can transport dust and smoke mixtures, as the main biomass-burning season in West
Africa are the winter months. Such situations were observed in March 2014, when the main
wind direction at Barbados was east to southeast.
Overall, the island of Barbados is a remote location, offering ideal conditions to study
pure marine aerosol in winter and the long-range transport of Saharan dust almost without
anthropogenic influence in summer. The differences in visibility at Barbados in the presence
of Saharan dust compared to the pristine conditions in winter are illustrated in Figure 2.2.
The dust transport was firstly described in the 1970s [Prospero et al., 1970; Prospero and
Carlson, 1972]. Saharan dust transported to Europe can be mixed easily with anthropogenic
pollution and the transport pathways are further influenced by the European orography
due to the main European mountain ranges (Alps, Pyrenees, Carpathians). Whereas the
dust transport regime across the Atlantic can be seen as a “natural laboratory” to study
possible modifications of dust properties during long-range transport. The Barbados Cloud
Observatory [Stevens et al., 2016] performs long-term remote sensing observations of clouds
and aerosols since 2011.
25 June 20148 March 2014
Figure 2.2: The influence of Saharan dust on the visibility over Barbados. On 8 March 2014
(AOT 0.04 at 500 nm) almost pure marine conditions prevailed. In contrast on 25 June 2014
(AOT 0.66 at 500 nm) very dusty conditions occurred. The photos were taken at Gun Hill Signal
Station, Barbados.
9Table 2.1: Time periods and instrumentation of the campaigns performed in the framework of
SALTRACE.
Campaign Time Instrumentation
RV Meteor cruise 29 Apr – 23 May 2013 PollyXT lidar, radiosonde
SALTRACE-1 10 Jun – 15 Jul 2013 Falcon aircraft, BERTHA & POLIS lidar,
ground-based in situ aerosol instruments, sun
photometers, radiosonde
SALTRACE-2 15 Feb – 8 Mar 2014 BERTHA lidar, sun photometer, radiosonde
SALTRACE-3 19 Jun – 12 Jul 2014 BERTHA lidar, sun photometer, radiosonde
2.2 SALTRACE campaign
The Saharan Aerosol Long-range TRansport and Aerosol–Cloud-interaction Experiment
(SALTRACE) aims to shed light on the modifications of dust microphysical, chemical and
optical properties after long-range transport. A set of complementary instruments and tech-
niques were used for this comprehensive study of dust particles over Barbados. An overview
is provided by Weinzierl et al. [2017].
In summer 2013, during the main campaign (SALTRACE-1, see Table 2.1), airborne and
ground-based in situ and remote-sensing measurements were performed in a coordinated
way. Figure 2.3 shows the locations of the different field stations on the island of Barbados.
Figure 2.3: The measurement locations at Barbados during SALTRACE [taken from Weinzierl
et al., 2017]. The lidar measurements were performed at the Caribbean Institute for Meteorology
and Hydrology (CIMH), the ground-based in situ aerosol measurement station was at Ragged
Point. The Falcon aircraft used the Grantley Adams International Airport. The south-western
part of the island is more densely populated than the north-eastern part.
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Table 2.2: The remote sensing instrumentation at the CIMH during SALTRACE and describing
references. The polarization (pol.) Raman lidars use two and three wavelengths (λ), respectively.
Instrument Reference
3λ pol./Raman lidar BERTHA Haarig et al. [2017a]
2λ pol./Raman lidar POLIS Groß et al. [2015, 2016]
Radiosonde Vaisala RS92 Haarig et al. [2017a]
Sun photometer Leipzig Haarig et al. [2017a]
Munich Toledano et al. [2009, 2011]
Valladolid Velasco-Merino et al. [2017]
The remote sensing instruments were deployed at the Caribbean Institute for Meteorology
and Hydrology (CIMH, 110 m asl.) at the west coast of Barbados. The ground-based
in situ aerosol measurement station was located at Ragged Point at the easternmost part
of the island, where the long-term aerosol sampling station of the University of Miami is
located [Prospero et al., 2014]. The research aircraft Falcon of the Deutsches Zentrum fu¨r
Luft- und Raumfahrt (DLR) used the Grantley Adams international airport as its base. All
stations are not more than 25 km away from each other. In situ measurements of aerosol
size distributions, CCN concentrations and single particle sampling for morphological and
chemical studies were performed aboard the Falcon aircraft and at the Ragged Point ground-
based station.
An overview of the ground-based remote-sensing instrumentation at CIMH is presented
in Table 2.2 as this work is focused on lidar measurements. During SALTRACE-1, two
lidar systems were operated 50 m apart of each other: The powerful triple-wavelength polar-
ization Raman lidar BERTHA of the Leibniz Institute for Tropospheric Research, Leipzig,
Germany (see Chapter 3), and the European standard polarization lidar, the dual-wavelength
polarization Raman lidar POLIS of the Ludwigs-Maximilians-Unversity, Munich, Germany
[Freudenthaler et al., 2016]. Three sun photometers (two AERONET cimel sun photome-
ters from Leipzig and Valladolid and the Sun-Sky Automatic RAdiometer SSARA of the
Ludwigs-Maximilians-Unversity, Munich) were operating at the same period. Vaisala RS92
radiosondes to measure the profile of temperature, pressure, relative humidity, wind speed
and wind direction, were launched regularly, usually twice a day.
To contrast different seasons as described in Chapter 2.1, the BERTHA lidar system was
operated for two further campaigns: SALTRACE-2 in winter 2014 and SALTRACE-3 in
summer 2014 (see Table 2.1). An AERONET sun photometer and the regularly radiosonde
launches were complementing the lidar measurements.
Additional observational effort was put on the dust transport way from Africa towards
the Caribbean. The Falcon team succeeded with a Lagrangian experiment, observing the
same dust plume over Cabo Verde and some days later over Barbados [Weinzierl et al., 2017].
Aboard the research vessel (RV) Meteor the atmospheric dust transport across the Atlantic
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was observed with a PollyXT lidar on a cruise from Guadeloupe to Cabo Verde in April–May
2013 [Kanitz et al., 2014; Rittmeister et al., 2017; Ansmann et al., 2017]. Additionally to
the atmospheric studies, the size-resolved dust deposition into the Atlantic Ocean, including
nutrients and metals fertilizing the ocean, was studied by sediment traps placed into the
ocean between Africa and the Caribbean [van der Does et al., 2016; Korte et al., 2017]
The results presented in the next chapters have to be seen in the context of the entire
SALTRACE campaign, offering the unique possibility for in-depth characterization of the
long-range transport of Saharan dust by combining complementary measurement techniques.
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Chapter 3
Lidar technique
Lidar is the acronym for “light detection and ranging”. It is a powerful active remote-sensing
instrument to measure the vertical profiles of meteorological parameters (temperature, wind
speed and direction, humidity), aerosol and cloud optical properties and trace gas concen-
trations without manipulating the properties of these atmospheric constituents.
The basic principle is illustrated in Fig. 3.1. A laser pulse characterized by its wavelength
and state of polarization is emitted to the atmosphere. There, the laser photons interact with
Emitter
Interaction
Receiver
L i d a r
A t m o s p h e r e
Laser pulses
( )
Scattering and absorption by 
molecules, aerosol particles, 
cloud droplets and ice crystals
Detection 
• Elastic channel ( ) 
• Raman channel )
• Cross-polarized 
channel (
Figure 3.1: The basic principle of a lidar measurement, including the emission of the electro-
magnetic pulses by the laser, the atmosphere and the receiver unit. Parallel polarized (‖) light at
a defined wavelength (λ0) is emitted. the emitted photons interact with molecules and particles in
the atmosphere. Several orders of magnitude less photons than emitted are received and counted
by the detectors. The elastic (at λ0) and inelastic (at λRa) backscattered light is detected in
separate channels. Changes in the polarization introduced by the elastic-backscattering process
in the atmosphere are measured by so-called cross-polarized channel (λ0,⊥).
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molecules, aerosol particles, cloud droplets or ice crystals. The main processes of interaction
are (elastic and inelastic) scattering and absorption. The backscattered photons are received
with a telescope and detected with photomultipliers.
The range information R = tc/2 needed for the vertical profile is obtained by the time
difference (t) between the emission of the laser pulse and the detection of the backscattered
photons, which propagate with the speed of light c up and down, introducing the factor 1/2.
3.1 BERTHA lidar system
The basic configuration of the triple-wavelength polarization Raman lidar BERTHA
(Backscatter, Extinction, lidar Ratio, Temperature, Humidity profiling Apparatus) is pre-
sented by Althausen et al. [2000] and Tesche et al. [2009b]. A detailed description of the
current configuration will be given in Chapter 4.1. A sketch of the BERTHA lidar system
taken from Haarig et al. [2017a] is shown in Figure 3.2. For a complex lidar system, it is
important to keep in mind the block structure, already introduced in Figure 3.1: the emitter
(laser and emitter optics), the atmosphere, and the receiver (telescope, calibrator and detec-
tors). Every block has to be characterized separately to assess its influence on the measured
signal, especially on the derived depolarization ratio.
The emitter block of BERTHA consists of two Nd:YAG lasers (laser-1 emits 355 and
1064 nm, laser-2 emits frequency stabilized 532 nm), two polarizers to clean the laser polar-
ization, a beam expander to expand the laser beam and reduce the beam divergence, and
several steering mirrors.
The first element of the receiver block is the Cassegrain telescope with a diameter of 53 cm
to collect the backscattered photons. Behind the field stop of the telescope, the photons pass
the calibration unit and are directed to the 13 detectors by the beam separation unit (mirrors,
beam splitters). Each detector is a photomultiplier tube (PMT) with a certain interference
filter in front to define the detected wavelength. For each additional information another
detection channel is needed. To measure the backscatter coefficient (elastic scattering),
the elastic channels (same wavelength as the laser) are used. To measure the extinction
coefficient, the inelastic-scattered signal (Raman scattering) of the molecules is used, which
is detected in the Raman channels. To obtain the atmospheric depolarization ratio, the
cross-polarized signal component has to be detected additionally. Therefore, a polarization
filter perpendicular to the plane of polarization of the emitted laser beam is placed in front
of the detector and the interference filter.
The goal is the determination of the optical properties from the measured signals, in
which the influence of the receiver and emitter optics on the signals has to be included.
The starting point is the lidar equation, which is introduced in section 3.3. Based on this
equation, the determination of the optical properties follows: the particle backscatter co-
efficient (Sec. 3.4), the extinction coefficient (Sec. 3.5) and the linear depolarization ratio
(Sec. 3.6). The careful characterization of the BERTHA lidar system and the assessment of
the uncertainties were a central goal of the PhD project. Especially the characterization of
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the polarization-sensitive transmission of the optical elements used in BERTHA formed a
great part of this work in order to deliver high-quality triple-wavelength depolarization-ratio
Figure 3.2: Sketch of BERTHA’s emitter and receiver taken from Haarig et al. [2017a]. All
detection channels are photomultiplier tubes (PMT, operated in the photon counting mode), the
number indicate the central wavelength of transmission in nanometer of the interference filter.
Polarization filters perpendicular oriented to the emitted state of polarization are placed in front
of the “cross” channels. The “total” channels measure the cross and the parallel part of the
backscattered light. The marked abbreviations denote the following: POL – polarizer to purify
the laser polarization; BT – beam trap; HN – helium neon laser as reference for the wavemeter
used to monitor the wavelength stability; STM – steering mirror with stepper motors to adjust the
overlap; CAM – camera to visualize the overlap; FM – flat mirror (consisting of two mirrors, the
small one for emitted pulses, the large one for backscattered light); PM – main or primary mirror;
SM – counter or secondary mirror of the Cassegrain telescope; TPOL – turnable polarization
filter for ∆ 90 calibration; APT – motorized aperture; COL – collimator; RR – rotational Raman
channel; and HSRL – high-spectral-resolution lidar channel.
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profiles. For the characterization of the polarization-sensitive parts of a lidar system, it is
advantageous to use the Mueller-Stokes formalism [Chipman, 2009; Freudenthaler, 2016]. To
create a coherent picture, the Mueller-Stokes formalism was extended to the whole descrip-
tion of the lidar system and not only used to describe the depolarization-ratio measurements.
The Mueller-Stokes formalism is shortly introduced in the next section (3.2), then the lidar
equation is presented using the Mueller-Stokes formalism (Sec. 3.3) to derive the optical
properties afterwards.
3.2 Mueller-Stokes formalism
In order to fully describe the polarization characteristics of the lidar system, the Mueller-
Stokes formalism is used. The 4-dimensional Stokes vector describes the polarization state
of a light beam, and the 4x4 Mueller matrix describes the change in the polarization state
introduced by an optical element or an atmospheric path [Chipman, 2009; Freudenthaler,
2016]. The four Stokes parameters form the Stokes vector I
I =

I
Q
U
V
 . (3.1)
The Stokes vector is based on measurable quantities. The different orientations are visualized
in Fig. 3.3. The intensity detected by a photon detector is the first Stokes parameter I. The
remaining components can be measured by placing an ideal polarizer (linear or circular)
in front of the detector (see Fig. 3.3). With a linear polarizer orientated parallel (0◦) and
perpendicular (90◦) to the defined coordinate system, the parameter Q can be determined,
where +1 stands for parallel and –1 for perpendicular polarization. Analogous the component
U describes the polarization orientations in 45◦ (+1) and 135◦ (–1) directions. V describes
the circular polarization right circular (+1) and left circular (–1) [sign convention following
Chipman, 2009].
The transmission of a light beam through an optical element described with a 4x4 Mueller
matrix can be dependent on the beam’s state of polarization (“diattenuation”) or on its phase
(“retardation”). A detailed description can be found in Chipman [2009] and Freudenthaler
[2016].
3.3 Lidar equation
In this section the basic lidar equation is given in the notation of the Mueller-Stokes for-
malism. For the lidar equation, it will lead to the same result as the classical description,
given for example in Wandinger [2005], but the description of the polarization effects of the
emitter and receiver optics can be better described with the Mueller-Stokes notation. Only
light propagation along the optical axis and single scattering are taken into consideration.
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Q= + 1
Q= − 1
U= + 1
U= − 1
V= + 1
V= − 1 
Figure 3.3: The orientations of the polarization (red arrows) and the corresponding components
of the Stokes vector. The black lines mark the reference coordinate system with parallel (0◦) and
perpendicular (90◦).
The dependency on the range R and the polarization parameter a of the observed volume
of air is stated explicitly. Every element is dependent on the wavelength λ, therefore the
lidar equation is different for each wavelength and detection channel. The lidar equation in
matrix formulation is given by
I S(R) = ηSMS(R)T(R)F(R, a)T(R)MEIL. (3.2)
I L and I S are the Stokes vectors of the light emitted by the laser and received in the detector,
respectively. The equation includes the Mueller matrices of the emitter ME and the receiver
MS optics; the transmission T and scattering matrix F of the atmosphere. The gain of the
detector is given by ηS.
The block structure of the lidar system and the describing Mueller matrices are visualized
in Fig. 3.4 and shortly described in the following.
The laser emits light pulses in the state I L, ideally linearly polarized, in our definition
LaserEmitter opticsTransmissionScatteringTransmissionReceiver opticsDetector
Figure 3.4: The block structure of the lidar system as used for the description of the lidar equation
(Eq. (3.2)) with the Mueller-Stokes formalism Freudenthaler [2016]. Every block is described by
a Mueller matrix. The elements of the matrix have to be characterized separately to describe the
influence of the different optical elements on the measured signals.
18 CHAPTER 3. LIDAR TECHNIQUE
parallel orientated with the intensity of the laser IL:
I L = IL

1
1
0
0
 . (3.3)
The light is directed through the emitter optics ME, which ideally maintain the state of
polarization. In reality, the emitter optics can have an influence on the state of polarization.
A detailed description for the BERTHA lidar system with the parameters describing the
non-ideal behavior can be found in the appendix of Chapter 4.1. The transmission term T
describes the attenuation of the light beam due to sidewards scattering and absorption by
aerosols and molecules on the way through the atmosphere, characterized by the extinction
coefficient α discussed in Section 3.5. In the presented description the transmission is along
the optical axis and the sidewards scattering process is treated as loss from the forward
direction, without the angular dependence and is therefore polarization independent (unity
matrix). The transmission matrix for this (special) case is given by:
T(R) = e−
∫R
0 α(r)dr

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
 . (3.4)
The atmospheric pathway has to be passed twice, on the way up and down, so the trans-
mission term occurs twice. The scattering process in the atmosphere is reduced to the exact
backscatter process (180◦), which is observed with the lidar. The aerosol particles are as-
sumed to be randomly orientated, so the off-diagonal elements of the scattering matrix cancel
out. The corresponding Mueller matrix F is given by
F(R) = β(R)

1 0 0 0
0 a(R) 0 0
0 0 −a(R) 0
0 0 0 1− 2a(R)
 , (3.5)
and includes the polarization parameter of the atmosphere a (discussed in Sect. 3.6), and
the backscatter coefficient β (Sect. 3.4) of the atmospheric volume in the distance R. The
quantities a and β will be retrieved from the lidar measurement.
A telescope collects on its area ATel the backscattered light, whose intensity decreases
with distance (1/R2) of the scattering volume from the telescope. The collected light is
collimated and directed to the different detectors by a wavelength separation unit (beam
splitters, mirrors). The detection unit is described by the Mueller matrix MS
MS(R) = O(R)TS
ATel
R2

1 DS 0 0
DS 1 0 0
0 0
√
1−D2S 0
0 0 0
√
1−D2S
 , (3.6)
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with the overlap function O(R), the transmission of the receiver TS (including the neutral
density filters). The diattenuation parameter DS is included in the equation, but the re-
tardation is assumed to be 0, and no misalignment of the receiving optics is taken into
consideration at this point. For the characterization of the uncertainties of BERTHA (ap-
pendix of Chapter 4.1) all these parameter are not neglected, but carefully determined. For
a total (elastic) channel DS is ideally 0, for a cross polarized channel ideally –1. The overlap
function O(R) characterizes the overlap of the emitted laser beam with the receiver field of
view. Very close to the telescope it is 0 and it reaches 1 when full overlap is reached. It is
mainly determined by the design of the telescope and its field stop and can vary with the
alignment between emitter and receiver optics. A camera in the receiver is used to check, if
the laser beam is in the receiver field of view and to adjust the overlap by slight movements
of the steering mirrors of the emitter [see Engelmann et al., 2016]. The full overlap for
the BERTHA system is usually between 800 and 1500 m. Photomultiplier tubes (PMT)
transform each detected photon into a signal pulse. An interference filter is placed in front of
the PMT to allow the transmittance of a certain wavelength range: 1 nm bandwidth for the
elastic channels and 3 nm for the Raman channels. Neutral density filters adjust the number
of photons to the linear range of the PMT (≤20 mega counts). In front of the polarization
channels a polarization filter orientated perpendicular to the emitted wavelength is placed.
ηS describes the gain of the detector. The interference, polarization and neutral density
filters in front of each channel are included in the transmission of the receiver TS .
The receiver ηSMS is distinct for every wavelength. The index S is used to refer to
different channels: the elastic channel at the same wavelength as the emission (S = λ0) and
the Raman channel at the corresponding Raman wavelength of nitrogen (S = λRa). For the
calculation of the depolarization ratio, the channels are called total channel (S = T ) and
cross-polarized channel (S = R). Hereby, the total channel and the elastic channel are the
same.
The measured intensity IS(R) is the first component of the Stokes vector I S(R) (Eq. (3.2))
and can be written as:
IS(R) = ηSTSTEILO(R)ATelR
−2(GS + a(R)HS)β(R)e−2
∫R
0 α(r)dr, (3.7)
with the system constants TS, TE and IL (transmission of the receiver, the emitter and the
intensity of the laser) and the solid angle of the telescope ATelR
−2. The system parameters
(GS and HS) introduced by Freudenthaler [2016] are sensitive (HS) and insensitive (GS) to
the atmospheric polarization a. They are the result of the characterization efforts of the
BERTHA lidar system and include the non-ideal behavior of the optics, e.g., the misalign-
ment between the laser and the receiver. In Section 3.6 they are discussed in more detail.
Whereas the most terms are lidar specific constants, the backscatter coefficient β(R), the
extinction coefficient α(R), and the atmospheric polarization a(R) reveal information about
the bulk properties of the atmosphere. Their determination will be shortly introduced in the
following three sections. The main scattering components of the atmosphere are molecules
and aerosol particles, therefore the coefficients consist of a molecular (mol) and a particle
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(par) contribution. These contributions add linearly and can be written as follows:
β = βmol + βpar, (3.8)
α = αmol + αpar, (3.9)
a = 1− dmol − dpar. (3.10)
The atmospheric depolarization parameter d is defined as d = 1− a. The molecular and the
particle depolarization parameters are adding linearly [Gimmestad, 2008].
3.4 Particle backscatter coefficient
The particle backscatter coefficient β is in general determined independently of the state
of polarization from the total backscattered light (ideally Hλ0=0; correction for non-ideal
behavior is done according to [Mattis et al., 2009]). Considering the molecular and particle
components (Eq. (3.8)-(3.9)), the lidar equation (Eq. (3.7)) for the initially emitted and
elastically backscattered wavelength λ0 becomes:
Iλ0(R) =
Cλ0(Gλ0 + aHλ0)O(R)
R2
[
βmolλ0 (R) + β
par
λ0
(R)
]
exp
{
−2
∫ R
0
[
αmolλ0 (r) + α
par
λ0
(r)
]
dr
}
,
(3.11)
with the system constant Cλ0 = ηλ0ATelTλ0TEIL. To determine the two unknowns (particle
backscatter and extinction coefficient) without assumptions about the aerosol type a second
measurement is needed.
BERTHA detects the inelastically scattered Raman signals of nitrogen. The vibrational–
rotational Raman transition from 355 to 387 nm and from 532 to 607 nm are used. In a
new approach, the pure rotational Raman lines between 1053 and 1062 nm are used for the
near infrared (1064 nm). The lidar equation for return signals from Raman scattering (at
the wavelength λRa) for the primary emitted wavelength λ0 becomes
IλRa(R) =
CλRa(GλRa + aHλRa)O(R)
R2
βmolλRa(R)
× exp
{
−
∫ R
0
[
αparλ0 (r) + α
mol
λ0 (r) + α
par
λRa
(r) + αmolλRa(r)
]
dr
}
.
(3.12)
The receiver for the Raman signal is ideally polarization independent (HλRa=0). The inelastic
molecular backscatter βmolλRa can be calculated from the number concentration of the Raman–
scattering molecules NRa and their scattering cross section when pressure and temperature
are known [Bucholtz, 1995]. A radiosonde at the field side on Barbados or GDAS model
output in Leipzig are used.
The particle backscatter coefficient βparλ0 (R) can be obtained from the ratio of the elastic
signal Iλ0(R) (Eq. (3.11)) and the Raman signal IλRa(R) (Eq. (3.12)) after Ansmann et al.
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[1992]:
βparλ0 (R) = [β
par
λ0
(R0) + β
mol
λ0 (R0)]
IλRa(R0)Iλ0(R)NRa(R)
Iλ0(R0)IλRa(R)NRa(R0)
×
exp
{
− ∫ RR0 [αparλRa(r) + αmolλRa(r)] dr}
exp
{
− ∫ RR0 [αparλ0 (r) + αmolλ0 (r)]dr} − β
mol
λ0 (R).
(3.13)
In an ideally aerosol-free reference height R0 a particle backscatter coefficient β
par
λ0
(R0) has
to be estimated. For the SALTRACE measurements typical reference heights are between
7 and 9 km, clearly above the SAL. The signal in the aerosol-free part becomes weaker for
larger wavelengths, therefore, it is more challenging to set the correct reference value at
1064 nm. For the pure rotational Raman measurements, the wavelength dependence of the
extinction vanishes and the ratio of the integrals is 1. The overlap effects cancels out due to
the signal ratio, if both channels (elastic and Raman) have the same overlap function.
In case Raman lidar measurements are not available, due to the high noise level in the
weaker Raman signals during daytime or for lidar systems without Raman channels, one has
to overcome the two unknowns (α, β) in one equation by assuming a ratio between them.
The Fernald/Klett method [Fernald, 1984; Klett, 1981] makes use of the particle lidar ratio
Spar(R), given by
Spar(R) =
αpar(R)
βpar(R)
. (3.14)
The lidar ratio is characteristic for a certain aerosol type. So the aerosol type has to be inter-
fered from additional information, like backward trajectories or the particle depolarization
ratio. This assumption introduces an additional uncertainty. An overview of characteristic
lidar ratios at 355 and 532 nm is given in Mu¨ller et al. [2007]. Lidar ratios at 1064 nm
are not measured yet. A new approach to derive the lidar ratio at 1064 nm is presented in
Chapter 4.3. An independent measurement of the backscatter and the extinction coefficient
is favorable [Ansmann et al., 1992], because the lidar ratio contains additional information
about the aerosol type. Throughout this work, only nighttime Raman measurements are
used.
3.5 Extinction coefficient
An additional detection channel at the Raman wavelength is necessary to measure indepen-
dently the extinction coefficient. The Raman lidar signal IλRa(R) contains information about
the particle extinction coefficient αparλ0 as described in Ansmann et al. [1990] in the following
way:
αparλ0 (R) =
d
dR ln
NRa(R)
R2IλRa (R)/O(R)
− αmolλ0 (R)− αmolλRa(R)
1 +
(
λ0
λRa
)˚aα . (3.15)
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The molecular values of NRa and α
mol are calculated from radiosonde temperature and
pressure data (Barbados) or from the GDAS model output (Leipzig) following Bucholtz
[1995]. a˚α is the extinction A˚ngstro¨m exponent, which describes the wavelength dependence
of the extinction between the emitted and the Raman wavelength. It is derived from the
closest AERONET sun photometer observation, where the wavelength range 440 to 870 nm
is used.
Only the Raman signal is used to calculate the extinction, so the overlap O(R) function
significantly influences the extinction in the lower heights (up to 800–1500 m). The overlap
function of the lidar system can be calculated from a measurement with low aerosol load
according to Wandinger and Ansmann [2002]. With a known overlap function it is possible
to correct for the overlap and retrieve the extinction at lower heights.
The rotational Raman method is wavelength independent as the wavelengths are just
some nanometers apart from each other. For the rotational Raman measurements in the
near infrared, which are introduced in Chapter 4.3, the equation (3.15) simplifies to:
αpar1064(R) =
1
2
d
dR
ln
NRa(R)
R2I1058(R)/O(R)
− αmol1064. (3.16)
The molecular extinction αmol1064 is significantly lower than for 355 or 532 nm.
3.6 Linear depolarization ratio
Polarization is a property of electromagnetic waves. At a certain point in time, the electric
field vector has some orientation in space. For a fixed orientation, the electric field vector
oscillates in time along this orientation and the wave is linearly polarized. If the orientation
rotates in space, the wave is circularly or elliptically polarized. “Depolarization” is the state,
when the individual wave polarizations in a beam of light display such a diversity that no
single state of polarization can be detected [Sassen, 2005]. Depolarization is a term for
random polarization.
The laser emits linearly polarized light. The scattering process in the atmosphere can
maintain the polarization of the wave or partly “destroy” it by introducing some random
polarization (depolarization). This behavior strongly depends on the particle type, espe-
cially on the particle shape. Spherical particles do not change the polarization in the
180◦-backscattering process, whereas the scattering at non-spherical particles introduce a
significant amount of depolarized light, depending on the wavelength of light.
The high-quality depolarization measurements are a central goal of this thesis. To make
effective use of the spectral slope of the depolarization ratio, a comprehensive error analysis
is absolutely essential. To properly characterize the BERTHA lidar system, the uncertainties
arising from its different optical elements have to be assessed. This work presents the state-
of-the-art method to derive the depolarization ratio with a well-calibrated lidar system. A
detailed discussion of the different parameters can be found in the appendix of Chapter 4.1.
This section will introduce the basic block structure in the Mueller-Stokes formalism needed
for this task.
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A better characterization of the lidar system and a calibration of the polarization sensitive
channels has been established over the past two decades [Cairo et al., 1999; Biele et al., 2000;
Behrendt and Nakamura, 2002; Reichardt et al., 2003; Alvarez et al., 2006; Freudenthaler
et al., 2009; Mattis et al., 2009; Freudenthaler, 2016; Bravo-Aranda et al., 2016; Belegante
et al., 2017].
The depolarization measurement will be introduced following Gimmestad [2008], who
works with a setup which measures the parallel and the cross-polarized component. With
ideal optical elements (e.g., ME = I, ηS = 1), at a certain height (no range dependence,
polarization independent extinction), the matrix lidar equation (Eq. (3.2)) becomes:
I S = MSF(a)IL. (3.17)
All matrices are normalized, the emitted light is parallel polarized and the parallel (diatten-
uation parameter DS = +1) and perpendicular (DS = −1) analyzers are ideal.
I S =
1
2

1 DS 0 0
DS 1 0 0
0 0
√
1−D2S 0
0 0 0
√
1−D2S
β

1 0 0 0
0 a 0 0
0 0 −a 0
0 0 0 1− 2a


1
1
0
0
 (3.18)
The first component of the Stokes vector IS is the measured parallel and cross polarized
signal:
I‖ = β (a+
1
2
(1− a)), (3.19)
I⊥ = β (
1
2
(1− a)). (3.20)
Introducing the depolarization parameter d = 1−a, it is obvious, that half of the depolarized
light (d/2) is detected in the perpendicular channel. The parallel channel detects the contri-
butions of the polarized part (a) and half of the depolarized part (d/2) of the backscattered
light. From these relations the depolarization parameter d can be derived in the following
way
d =
2I⊥
I‖ + I⊥
. (3.21)
It is common in lidar studies to use the volume depolarization ratio δvol, given by
δvol =
I⊥
I‖
, (3.22)
instead of the depolarization parameter d. They can be easily inferred from each other with
this relation:
d =
2δvol
1 + δvol
. (3.23)
In contrast to the depolarization parameter, the depolarization ratio is not linear in the
quantity of interest (the depolarization) [Gimmestad, 2008], but the historic definition of
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the depolarization ratio is widely used in lidar studies, so in this thesis as well. For the
main findings of this work, the depolarization ratios will be converted into depolarization
parameters at the end of this chapter (Table 3.2).
Coming back to the real world, the matrix lidar equation (Eq. (3.2)) and measured
intensity (Eq. (3.7)) are used following Freudenthaler [2016]. As already mentioned, the
transmission through the atmosphere is considered independent of the polarization and the
single scattering approximation is used. BERTHA measures the total signal IT = I‖ + I⊥
and the cross-polarized signal IR = I⊥, given by:
IR(R) = ηRTRTEATelR
−2ILO(R)β(R)(GR + a(R)HR), (3.24)
IT(R) = ηTTTTEATelR
−2ILO(R)β(R)(GT + a(R)HT). (3.25)
The system parameters (G and H, given in Table 3.1) have to be calculated for the lidar
system [Freudenthaler, 2016], the overlap function is ideally the same for both channels, the
factors TE, ATelR
−2, and IL cancel out in the ratio of the two signals at the same height, and
the receiver transmission (TR, TT) including the PMT and neutral density filters and the de-
tector gain (ηR, ηT) have to be determined with a calibration measurement. The parameters
ηTTT and HT define whether a total or a parallel channel is used. For the mathematical
description it makes no difference. The measurement of the calibration constant η
η =
ηRTR
ηTTT
(3.26)
is described below. The measured depolarization ratio δ∗(R) is the calibrated signal ratio:
δ∗(R) =
1
η
IR(R)
IT(R)
. (3.27)
Inserting equations (3.24) and (3.25), it transforms to
δ∗(R) =
GR + a(R)HR
GT + a(R)HT
, (3.28)
and only the parameters GR,T and HR,T are remaining. They are a shortened notation to de-
scribe all misalignment in the optical elements, polarization or phase sensitive transmissions
in the emitter and the receiver [Freudenthaler, 2016]. They are determined for BERTHA
by measuring the 12 parameters for each wavelength listed in Table A1 in the appendix of
Chapter 4.1. The results are given in Table 3.1. GR,T describes the parts which are insensi-
tive to the atmospheric polarization and is ideally 1, and HR,T describes the parts sensitive
to the atmospheric polarization and is ideally HR=–1 for the cross-polarized channel and
HT=0 for the total channel. With these parameters the volume linear depolarization ratio
can be determined by the following equation:
δvol(R) =
1− a(R)
1 + a(R)
=
δ∗(R)(GT +HT)− (GR +HR)
(GR −HR)− δ∗(R)(GT −HT) . (3.29)
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Table 3.1: The system parameters for the calculation of the depolarization ratio (needed for Eq.
(3.29)) for the BERTHA lidar system in the configuration of summer 2014. Each wavelength is
treated separately. Explanation for the parameters are given in the text.
355 nm 532 nm 1064 nm
GT 1.0526 1.0409 1.0503
HT 0.1426 0.0281 0.1256
GR 0.9813 1.1032 1.0059
HR –0.8484 –1.0536 –0.9837
K 0.9835 0.9946 0.9948
The volume linear depolarization ratio includes the contributions of molecules and par-
ticles in a volume of air (Eq. (3.10)). The intensive quantity of the particle linear depolar-
ization ratio δpar(R) is needed to characterize the aerosol particles. It can be derived from
the volume depolarization ratio following Biele et al. [2000]:
δpar(R) =
δvol(R) + 1
βmol(R)
βpar(R)
δmol−δvol(R)
1+δmol
+ 1
. (3.30)
The linear depolarization ratio of air molecules δmol can be determined with high accuracy.
The number of Raman lines contributing to the molecular depolarization ratio mainly de-
pends on the bandwidth of the interference filters used for the detectors and slightly on
temperature [Behrendt and Nakamura, 2002]. For the interference filters used in BERTHA,
the molecular depolarization ratios were calculated, yielding 0.0080 at 355 nm, 0.0053 at
532 nm and 0.0036 at 1064 nm. The molecular backscatter βmol(R) is a function of pressure
and temperature as discussed in section 3.4.
The ∆90◦-calibration [Freudenthaler et al., 2009] is used to determine η (Eq. (3.26)). A
∆90◦-calibration is performed for every measurement with BERTHA. The basic idea is, that
a linear polarizer orientated 45◦ to the plane of polarization (3rd component of the Stokes
vector) equalizes the parallel and the perpendicular polarized light (2nd component of the
Stokes vector) independently of the atmospheric polarization. For a calibration measurement
(5-10 min), a polarization filter sensitive at the three wavelengths orientated 45◦ to the
plane of polarization is inserted after the field stop of the telescope. In a second calibration
measurement, the polarization filter is turned by exactly 90◦ to the –45◦ position. The exact
90◦ difference can be achieved by a highly accurate (10−4 degrees) step motor (8SMC1 from
Standa Ltd., Lithuania), whereas the exact +45 or –45◦ position is hard to achieve. The
consecutive measurements at 90◦ difference significantly reduce the error  introduced by a
slight variation of the exact 45◦ position. The measured calibration constant η∗∆90:
η∗∆90 =
√
η∗(+45◦ + )η∗(−45◦ + ) =
√
IR(+45◦ + )
IT(+45◦ + )
IR(−45◦ + )
IT(−45◦ + ) , (3.31)
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is the geometric mean of the two calibration measurements at +45 and –45◦. The non-ideal
behavior characterized by the 12 parameters in Table A1 (Chapter 4.1) is present during
the calibration measurements as well. Therefore, the measured calibration constant η∗∆90
has to be divided by the factor K (given in Table 3.1), calculated from these parameters
[Freudenthaler, 2016], to get the calibration factor η needed for Eq. (3.27).
The estimation of the errors of the volume depolarization ratio for BERTHA is a compli-
cated task due to a large number of potential sources for uncertainties (see Appendix A of
Chapter 4.1). BERTHA is a complex lidar system, integrating the high-spectral-resolution-
lidar technique, Raman aerosol, water vapor, temperature profiling methods, and now in
addition the multiwavelength depolarization-ratio profiling option in one system. Not ev-
ery element is optimally designed for depolarization measurements; especially the triple-
wavelength beam expander is a potential source of uncertainties. Another difficulty is the
aging of the optical elements under the tropical conditions at Barbados and the stability of
the alignment during transport, although it was extremely carefully packed. The character-
ization measurements and assessments in Leipzig and Barbados lead to the 12 parameters
and their uncertainty for each wavelength (Table A1 of Chapter 4.1). As they all introduce
an uncertainty to the volume linear depolarization ratio, it is too complex to perform classi-
cal error propagation. Therefore, a complete search over the multi-dimensional uncertainty
space as introduced by Bravo-Aranda et al. [2016] was performed, in which the 12 parameters
are varied within their error margins. Uniform distributions are used as input. The results
are presented in the appendix of Chapter 4.1. In the dust layer the relative uncertainty
of the volume depolarization is 12.5% at 355 nm, and 3% at 532 and 1064 nm. The high
uncertainty in the UV is mainly introduced by the beam expander.
The characterization of the polarization sensitive parts and the estimation of the uncer-
tainties for the BERTHA lidar system is an important part of the present work and the basis
for the results presented.
Throughout the work, the linear depolarization ratio δ is used as it is common in lidar
studies. Radiative transfer calculations use the depolarization parameter d [Gimmestad,
2008]. At this point, the conversion (Eq. (3.23)) of the depolarization ratio to the depolar-
ization parameter for the main results of this thesis is given.
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Table 3.2: Conversion from the particle linear depolarization ratio δpar to the particle depolar-
ization parameter dpar of results obtained for long-range transported (LRT) Saharan dust and
cubic-like sea salt particles (dry marine) at three wavelengths (λ) with systematic uncertainties.
Aerosol type λ (nm) δpar dpar
LRT Saharan dust
(Chapter 4.1)
355 0.25±0.07 0.40±0.09
532 0.28±0.02 0.44±0.03
1064 0.23±0.01 0.37±0.02
Cubic-like sea salt
(Chapter 4.2)
355 0.12±0.08 0.21±0.13
532 0.15±0.03 0.26±0.05
1064 0.10±0.01 0.18±0.02
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Chapter 4
Results and Discussion
This chapter is the cumulative part of the dissertation. The following publications are
considered:
 Triple-wavelength depolarization-ratio profiling of Saharan dust over Barbados during
SALTRACE in 2013 and 2014, by Moritz Haarig, Albert Ansmann, Dietrich Althausen,
Andre´ Klepel, Silke Groß, Volker Freudenthaler, Carlos Toledano, Rodanthi-Elisavet
Mamouri, David A. Farrell, Damien A. Prescod, Eleni Marinou, Sharon P. Burton,
Josef Gasteiger, Ronny Engelmann, and Holger Baars, in Atmospheric Chemistry and
Physics, 17, 10767–10794, 2017.
 Dry versus wet marine particle optical properties: RH dependence of depolarization
ratio, backscatter, and extinction from multiwavelength lidar measurements during
SALTRACE, by Moritz Haarig, Albert Ansmann, Josef Gasteiger, Konrad Kandler,
Dietrich Althausen, Holger Baars, Martin Radenz, and David A. Farrell, in Atmo-
spheric Chemistry and Physics, 17, 14199–14217, 2017.
 1064 nm rotational Raman lidar for particle extinction and lidar-ratio profiling: cirrus
case study, by Moritz Haarig, Ronny Engelmann, Albert Ansmann, Igor Veselovskii,
David N. Whiteman, and Dietrich Althausen, in Atmospheric Measurement Techniques,
9, 4269–4278, 2016.
The first publication discusses the observed optical properties of mineral dust in detail.
For the characterization of long-range transported Saharan dust the measured spectral be-
havior of the depolarization ratio from 355 to 1064 nm could be used for the first time. The
measurements in the summer seasons of 2013 and 2014 were performed in the framework of
the SALTRACE campaign at Barbados. A careful characterization of the lidar system and
an extended uncertainty analysis is included in this publication.
The second publication deals with the optical properties of dry and wet marine particles
measured during the SALTRACE winter campaign in February 2014. Sea salt particles have
a spherical shape under humid conditions and a cubic-like shape under dry conditions (≤50%
RH). Besides the changes in particles shape, the extinction enhancement factor caused by
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the hygroscopic growth of the marine aerosol particles was observed. Lidar measurements
of optical properties under varying relative humidity at such pristine marine conditions have
never been published before.
The third publication makes use of the multichannel configuration of BERTHA. With
comparably low effort, it was possible to test a new method to measure the particle extinction
coefficient at 1064 nm and therefore deliver the extinction coefficient and the lidar ratio at
three wavelengths. The rotational Raman lidar method was used to derive the 1064 nm
extinction profile. The tests were performed at Leipzig in October 2015. A cirrus observation
with almost wavelength independent backscatter and extinction conditions was selected as
favorable demonstration case. The consistency in the measured cirrus extinction and lidar-
ratio profiles at 355, 532 and 1064 nm corroborated that the new approach was successful.
Since then, the triple-wavelength depolarization and triple-wavelength extinction tech-
nique was used to characterize the optical properties of mineral dust and even Canadian
wildfire smoke, detected in the troposphere and stratosphere [Haarig et al., 2018, in prepa-
ration].
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4.1 First publication:
Triple-wavelength depolarization-ratio profiling of Saharan
dust over Barbados during SALTRACE in 2013 and 2014
The content of this chapter has already been published under the title “Triple-wavelength
depolarization-ratio profiling of Saharan dust over Barbados during SALTRACE in 2013
and 2014” by Moritz Haarig, Albert Ansmann, Dietrich Althausen, Andre´ Klepel, Silke
Groß, Volker Freudenthaler, Carlos Toledano, Rodanthi-Elisavet Mamouri, David A.
Farrell, Damien A. Prescod, Eleni Marinou, Sharon P. Burton, Josef Gasteiger, Ronny
Engelmann, and Holger Baars. In 2017, the paper was published under the Creative
Commons Attribution 3.0 License in Atmospheric Chemistry and Physics with the doi:
10.5194/acp-17-10767-2017 (see https://doi.org/10.5194/acp-17-10767-2017).
Reprinted with permission by the authors from Atmospheric Chemistry and Physics, 17,
10767–10794, 2017.
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Abstract. Triple-wavelength polarization lidar measure-
ments in Saharan dust layers were performed at Barbados
(13.1◦ N, 59.6◦W), 5000–8000 km west of the Saharan dust
sources, in the framework of the Saharan Aerosol Long-
range Transport and Aerosol-Cloud-Interaction Experiment
(SALTRACE-1, June–July 2013, SALTRACE-3, June–July
2014). Three case studies are discussed. High quality was
achieved by comparing the dust linear depolarization ratio
profiles measured at 355, 532, and 1064 nm with respective
dual-wavelength (355, 532 nm) depolarization ratio profiles
measured with a reference lidar. A unique case of long-range
transported dust over more than 12 000 km is presented. Sa-
haran dust plumes crossing Barbados were measured with an
airborne triple-wavelength polarization lidar over Missouri
in the midwestern United States 7 days later. Similar dust
optical properties and depolarization features were observed
over both sites indicating almost unchanged dust properties
within this 1 week of travel from the Caribbean to the United
States. The main results of the triple-wavelength polarization
lidar observations in the Caribbean in the summer seasons of
2013 and 2014 are summarized. On average, the particle lin-
ear depolarization ratios for aged Saharan dust were found to
be 0.252± 0.030 at 355 nm, 0.280± 0.020 at 532 nm, and
0.225± 0.022 at 1064 nm after approximately 1 week of
transport over the tropical Atlantic. Based on published sim-
ulation studies we present an attempt to explain the spectral
features of the depolarization ratio of irregularly shaped min-
eral dust particles, and conclude that most of the irregularly
shaped coarse-mode dust particles (particles with diameters
> 1 µm) have sizes around 1.5–2 µm. The SALTRACE re-
sults are also set into the context of the SAMUM-1 (Mo-
rocco, 2006) and SAMUM-2 (Cabo Verde, 2008) depolar-
ization ratio studies. Again, only minor changes in the dust
depolarization characteristics were observed on the way from
the Saharan dust sources towards the Caribbean.
1 Introduction
Mineral dust belongs to the major natural atmospheric
aerosol components and influences weather and climate,
visibility, air quality, and human health. Large efforts are
undertaken to develop sophisticated dust transport models
to provide predictions of dust occurrence, vertical distribu-
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tion of dust particles and their impact on the Earth’s radi-
ation field, cloud formation, and environmental conditions
(Huneeus et al., 2011; Heinold et al., 2011; Garimella et al.,
2014; Solomos et al., 2017). A variety of features of the
impact of dust on (climate-relevant) atmospheric processes
are not well understood or represented in atmospheric mod-
els, and thus need to be explored, preferably in comprehen-
sive field campaigns such as Aerosol Characterization Ex-
periment ACE-Asia (Huebert et al., 2003; Shimizu et al.,
2004), the Puerto Rico Dust Experiment PRIDE (Colarco
et al., 2003; Reid et al., 2003), the Saharan Dust Experiment
SHADE (Tanré et al., 2003), the Saharan Mineral Dust Ex-
periments SAMUM-1 (Heintzenberg, 2009) and SAMUM-2
(Ansmann et al., 2011), the Dust and Biomass-burning Ex-
periment DABEX (Haywood et al., 2008), the Dust Out-
flow and Deposition to the Ocean project DODO (Mc-
Connell et al., 2008), the Geostationary Earth Radiation Bud-
get Intercomparisons of Long-wave and Short-wave radia-
tion GERBILS (Johnson and Osborne, 2011), Fennec (Ry-
der et al., 2013), the Saharan Aerosol Long-Range Trans-
port and Aerosol-Cloud-Interaction Experiment SALTRACE
(Weinzierl et al., 2017), and the Study of Saharan Dust Over
West Africa SHADOW (Veselovskii et al., 2016).
Besides a precise description of dust in atmospheric mod-
els, there is also a strong need for a better knowledge of the
link between the microphysical and optical dust properties to
improve dust profiling and retrieval techniques (Veselovskii
et al., 2010, 2016; Müller et al., 2013; Lopatin et al., 2013;
Chaikovsky et al., 2016; Bovchaliuk et al., 2016). Recently, a
new aerosol retrieval technique was proposed, which makes
use of depolarization-ratio profiling and permits the separa-
tion of fine dust, coarse dust, and residual (marine or anthro-
pogenic) aerosol profiles in terms of light backscatter, ex-
tinction, and mass concentration (Mamouri and Ansmann,
2014). Based on SALTRACE triple-wavelength polarization
measurements, an investigation is made into which of the
three wavelengths this new method works best with and re-
sults in the lowest uncertainties (Mamouri and Ansmann,
2017).
One of the fundamental open questions regarding the in-
fluence of mineral dust on climate is related to the specific
impact of the size, shape, and chemical composition char-
acteristics of desert dust particles on light scattering and
depolarization (Dubovik et al., 2006; Wiegner et al., 2009;
Müller et al., 2010a, b, 2012; Gasteiger et al., 2011; Kemp-
pinen et al., 2015a, b). Besides modeling studies and field
observations, laboratory experiments contribute to this field
of research (West et al., 1997; Volten et al., 2001; Liu et al.,
2003; Curtis et al., 2008), with a focus also, recently, on
lidar applications (Sakai et al., 2010; David et al., 2013;
Miffre et al., 2016; Järvinen et al., 2016). Although signif-
icant progress has been made during the last decade, mod-
els describing the scattering properties of desert dust parti-
cles from forward scattering to backward scattering (up to
angles of exactly 180◦) need a number of assumptions, espe-
cially about the particle morphology and composition when
explaining the optical effects gained from active and passive
remote sensing at different wavelengths from the UV to IR
(Gasteiger et al., 2011; Kemppinen et al., 2015a, b). Obser-
vations of dust optical properties are in strong contradiction
with model simulations when a spherical dust particle shape
model is applied. The widely used and accepted approach to
describe dust particles as spheroids works well in the case of
sun photometer retrievals (Dubovik et al., 2006). However,
significant uncertainties in the observational products arise
whenever lidar measurements (and thus 180◦ scattering pro-
cesses) come into play and are included in the data analysis
in which a spheroidal shape model is used (Wagner et al.,
2013; Veselovskii et al., 2010, 2016; Müller et al., 2013).
There is a clear need for complex efforts of simulation stud-
ies, laboratory investigations, and field observations in order
to better parametrize the relationship between the dust par-
ticle shape and size distribution characteristics and the scat-
tering phase function, with emphasis on depolarization and
scattering at high scattering angles. The depolarization ra-
tio observed with lidar is rather sensitive to the dust particle
shape (Gasteiger et al., 2011; Kemppinen et al., 2015a). The
spectral dependence of depolarization, as presented in this
article, also contains information on the dust size spectrum.
Thus, triple-wavelength depolarization-ratio observations are
of great value for the optical modeling community (Gasteiger
and Freudenthaler, 2014) and support efforts to develop re-
alistic dust shape models, which are not available yet. In
the first stage, however, we have to demonstrate that triple-
wavelength depolarization observations can be successfully
performed.
To contribute to this field of dust research, we redesigned
and upgraded our multiwavelength polarization/Raman li-
dar BERTHA (Backscatter Extinction lidar-Ratio Tempera-
ture Humidity profiling Apparatus; Althausen et al., 2000;
Tesche et al., 2009; Haarig et al., 2016b). BERTHA has
been used in nine field campaigns in Europe, Asia, and
Africa from 1997 to 2008 (Wandinger et al., 2002; Ans-
mann et al., 2002; Franke et al., 2003; Tesche et al., 2009,
2011a). We implemented new channels to permit simultane-
ous observations of dust linear depolarization ratios at 355,
532, and 1064 nm. Freudenthaler et al. (2009) and Burton
et al. (2015) showed already that the dust linear depolar-
ization ratio significantly changes with the transmitted laser
wavelength, obviously as a result of changing contributions
of fine-mode dust particles (particles with diameters< 1 µm)
and coarse-mode (super-micrometer) particles to the light de-
polarization. Burton et al. (2015) recently presented triple-
wavelength polarization lidar observations in an aged and
fresh dust layer performed with an airborne high-spectral-
resolution lidar (HSRL-2). The main goal of the paper is
to present for the first time ground-based triple-wavelength
polarization/Raman lidar observations (case studies) of the
depolarization ratio of Saharan dust after long-range trans-
port and to provide a high-quality statistical data set of dust
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depolarization ratios at 355, 532, and 1064 nm. We con-
ducted three campaigns on the Caribbean island of Barbados
in the framework of SALTRACE. Two of them took place
in the summer seasons of 2013 (SALTRACE-1) and 2014
(SALTRACE-3) to study Saharan dust layers advected from
Africa towards North America. The third field campaign
(SALTRACE-2) was performed in February–March 2014 to
continue our research on mixed dust and smoke transport to-
wards America during the winter half year (Ansmann et al.,
2009; Baars et al., 2011; Tesche et al., 2011b; Rittmeister
et al., 2017).
We begin our SALTRACE report with a short descrip-
tion of the SALTRACE experiment and instrumentation. The
main part of Sect. 2 (and the Appendix) deals with the expla-
nations of the triple-wavelength polarization lidar BERTHA.
The results are presented in Sects. 3 and 4. In Sect. 3,
three case studies are discussed. A statistical overview of
the SALTRACE depolarization measurements is given in
Sect 4. The findings are compared with respective results
from the foregoing SAMUM-1 and SAMUM-2 field cam-
paigns and the Cloud-Aerosol Lidar with Orthogonal Po-
larization (CALIOP) satellite observations in the discussion
Sect. 5. Concluding remarks are given in Sect. 6.
2 SALTRACE campaigns and instrumentation
2.1 The SALTRACE project
The SALTRACE field campaigns performed in the summer
of 2013 and in the winter and summer of 2014 belong to the
SAMUM–SALTRACE field campaign series. As shown and
illustrated in Fig. 7 of Weinzierl et al. (2017), six comprehen-
sive dust field campaigns have been conducted since 2006:
SAMUM-1, SAMUM-2a and 2b, and SALTRACE-1, 2, and
3. The first SAMUM project, SAMUM-1 (Heintzenberg,
2009), took place in southern Morocco (May–June 2006) to
investigate the role of freshly emitted dust in the climate
system. SAMUM-2 (Cabo Verde; SAMUM-2a, January–
February 2008; SAMUM-2b, May–June 2008; Ansmann
et al., 2011) investigated the dust physicochemical, opti-
cal, and radiative properties of mixtures of biomass burn-
ing smoke and mineral dust (SAMUM-2a, winter transport
regime) and of pure dust (SAMUM-2b, summer transport
mode) after an atmospheric transport over 1000–3000 km (1–
3 days after emission). During SALTRACE, we investigated
the dust properties after atmospheric travel over 5–12 days
and 5000–8000 km (Weinzierl et al., 2017).
As the logistically favorable field site for lidar observa-
tions, the Caribbean Institute for Meteorology and Hydrol-
ogy was selected (CIMH, 13.1◦ N, 59.6◦W, 110 m above sea
level, m a.s.l.), located in Husbands, in the northern part of
the capital Bridgetown on the west coast of Barbados. The
station is not influenced by any local (island) anthropogenic
pollution because of the steady northeasterly airflow and the
absence of strong pollution sources in the northern part of
Barbados, upwind of the lidar station. In the summer months
of June and July (SALTRACE-1 and 3), transported dust
layers were observed. The SALTRACE lidar activities were
complemented by shipborne observations along the main Sa-
haran dust transport route over the tropical North Atlantic in
April–May 2013 (Kanitz et al., 2014; Rittmeister et al., 2017;
Ansmann et al., 2017); in situ observations of microphysical
(size distribution, mass concentration, particle shape), chem-
ical, and optical aerosol properties at Ragged Point (20 km
east of CIMH) at the east coast of Barbados (Kristensen et al.,
2016; Wex et al., 2016); and airborne in situ aerosol obser-
vations and Doppler lidar measurements of aerosol layering
and atmospheric wind fields (Chouza et al., 2015, 2016a, b;
Weinzierl et al., 2017). The SALTRACE in situ observations
include studies of the efficacy of aged desert dust to serve
as cloud condensation nuclei (Kristensen et al., 2016; Wex
et al., 2016; Weinzierl et al., 2017) as well as modeling stud-
ies of dust transport across the Atlantic (Chouza et al., 2016a;
Ansmann et al., 2017) and the impact of the Caribbean is-
land on the airflow and downward mixing of dust (Jähn et al.,
2016; Chouza et al., 2016b).
2.2 Meteorological conditions
In Rittmeister et al. (2017), the dust transport from Africa
towards the Caribbean is discussed. The main features of
dust layering across the Atlantic described by the conceptual
model (Karyampudi et al., 1999) are illuminated and com-
pared with the shipborne SALTRACE lidar observations. Ac-
cording to the conceptual model (Karyampudi et al., 1999)
hot, dry, dust-laden air masses emerge from the western coast
of Africa as a series of large-scale pulses in the summer
months. Associated with easterly wave activity, Saharan dust
outbreaks occur as discrete episodic pulses, which generally
last 3–5 days. These dust outbreaks are mostly confined to
a well-mixed layer, the Saharan air layer (SAL), that often
extends to 5–6 km in height over West Africa due to intense
solar heating in summer months. The airborne dust is car-
ried westward by the prevailing easterly flow in the latitude
belt of 10–25◦ N. As the dust plumes are advected further
west in the predominantly easterly flow, the base of the SAL
rises rapidly as it is undercut by the relatively clean north-
easterly trade winds. The well-mixed SAL resides above the
trade wind inversion layer which is on top of the marine
aerosol layer (MAL). The dust transport takes usually 5–
7 days across the Atlantic. The strong temperature inversion
at the base of the SAL limits convective activity and con-
sequently precludes the possibility of strong wet deposition,
except during periods with deep convection and precipita-
tion.
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2.3 Triple-wavelength polarization lidar BERTHA
We begin with a short historical overview of polarization li-
dar observations of tropospheric dust. The polarization lidar
technique was applied to tropospheric aerosols for the first
time in the early 1970s (McNeil and Carsweil, 1975). Sys-
tematic measurements of the depolarization ratio in desert
dust layers started in the 1980s in eastern Asia (Kobayashi
et al., 1985; Iwasaka et al., 1988) and demonstrated the im-
portance of polarization lidar for dust monitoring. Conse-
quently, the Asian Dust Lidar Network was established in
the 1990s (Murayama et al., 2001; Shimizu et al., 2004).
In Europe, systematic Saharan dust studies with polariza-
tion lidars began in the 1990s (Gobbi, 1998; Gobbi et al.,
2000; di Sarra et al., 2001). Dust was investigated later on
by means of polarization lidar in the framework of the Euro-
pean Aerosol Research Lidar Network (e.g., Ansmann et al.,
2003). All of the ground-based observations, conducted be-
fore SALTRACE, were based on single-wavelength lidar ob-
servations, although several single-wavelength-lidar systems
were combined during dedicated field campaigns such as
SAMUM-1 and 2 (Freudenthaler et al., 2009; Groß et al.,
2011b; Tesche et al., 2011a). In the majority of applica-
tions the laser wavelength was 532 nm. Sugimoto and Lee
(2006) presented the first ground-based dual-wavelength po-
larization lidar observations of dust performed at 532 and
1064 nm. Airborne dual-wavelength polarization lidar obser-
vations (at 532 and 1064 nm) were realized in Saharan dust
aboard the Falcon of the Germany Aerospace Center dur-
ing SAMUM-1 in 2006 (Freudenthaler et al., 2009). During
SALTRACE, dual-wavelength polarization lidars were oper-
ated simultaneously at 355 and 532 nm (Kanitz et al., 2014;
Groß et al., 2015; Rittmeister et al., 2017). And recently
the first triple-wavelength polarization lidars were developed
and performed dust observations at 355, 532, and 1064 nm
aboard an aircraft (Burton et al., 2015) and on the ground
(Haarig et al., 2016a).
The schematic structure of the lidar system BERTHA is
shown in Fig. 1. Two Nd:YAG lasers transmit linearly po-
larized laser pulses at 355 and 1064 nm (first laser) and at
532 nm (second laser) with a repetition rate of 30 Hz. Two
linear polarizers are installed behind the laser and before the
beam expander to further clean the polarization of the out-
going light. The pulse energies can be as high as 1000 mJ
(1064 nm), 800 mJ (532 nm), and 120 mJ (355 nm) in the
ideal case of well-working optical elements in the transmis-
sion unit of the lidar. However, the pulse energies were only
about 50 % of these maximum values during the SALTRACE
campaigns. Two lasers are used for two reasons: firstly to
have a frequency-stabilized 532 nm laser for the implemen-
tation of the HSRL-channel and secondly to have a backup
laser in the field campaign. The laser beams are aligned on
an optical axis and directed through a beam expander. The
beams are expanded tenfold and afterwards pointed into the
atmosphere at an off-zenith angle of 5◦. By using a tilt an-
gle of > 3◦, specular reflection by falling and horizontally
aligned ice crystals no longer influences the measurements,
as our experience shows.
A Cassegrain telescope with 53 cm diameter collects the
backscattered light. The receiver field of view is 0.8 mrad.
The receiver unit was completely re-designed to measure
the linear depolarization ratio at all three wavelengths. In ad-
dition, a high spectral resolution (HSR) channel was added
(see Fig. 1). All detectors are photomultiplier tubes (PMTs)
working in the photon counting mode (H10721P-110 from
Hamamatsu). But for the 1064 nm channels the PMT R3236
from Hamamatsu is used at a temperature below −30 ◦C to
reduce signal noise in the near infrared. The elastic backscat-
ter signals (total signals) as well as the so-called cross-
polarized signal components are detected at the three emitted
wavelengths (355, 532, 1064 nm). Polarization filters, each
adjusted orthogonal to the plane of linear polarization of the
outgoing laser pulses, are placed in front of the detectors
which enable the detection of the cross-polarized laser ra-
diation at the three wavelengths. For these six elastic chan-
nels, interference filters with 1 nm FWHM (full width at half
maximum) are placed in front of each PMT. The vibrational–
rotational Raman signals at 387 and 607 nm (nitrogen) and
407 nm (water vapor, night time only) are detected as well.
Interference filters with 3 nm FWHM are used at the Raman
wavelengths. A double-grating monochromator enables the
detection of pure rotational Raman signals from nitrogen and
oxygen (J0, J6, and J12) from the 532 nm emission wave-
length. Neutral density filters are placed in front of each de-
tector to adjust the signal to the linear range of the detector to
avoid dead time effects of the photomultipliers. Nevertheless
the PMTs are tested in the lab to correct high counting rates
for dead time effects if necessary (Engelmann et al., 2016).
The signals are detected with a range resolution of 7.5 m
and a time resolution of 5 to 30 s. A camera is used to vi-
sualize the overlap between the 532 nm laser beam and the
receiver field of view (RFOV). The camera is permanently
placed in the position of a receiving channel (see Engel-
mann et al., 2016). Complete overlap is reached at 800–
1000 m for the 532 nm related channels and approximately
at 1500 m for the 355 nm related channels. The 355 and
532 nm backscatter coefficient is derived from the ratio of
the elastic backscatter signal to the respective nitrogen Ra-
man signal (387 or 607 nm) and is therefore not much af-
fected by the overlap profile. Even at 1064 nm we used the
nitrogen Raman signal at 387 nm as the reference signal in
the 1064 nm backscatter retrieval. Both signals are caused by
backscattered laser-1 photons (see Fig. 1) so that almost the
same overlap characteristics hold for both signals, and the
overlap effects widely cancel out when forming the signal
ratio. We used the sun photometer observations (Sect. 2.6)
of the spectral slope of aerosol extinction for the correc-
tion of minor differential (387 nm vs. 1064 nm) particle ex-
tinction effects in the backscatter retrieval. On clear (dust-
free) days we checked the overlap function according to
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Figure 1. Sketch of BERTHA’s emitter and receiver. All detection channels are photomultiplier tubes (PMTs, operated in the photon counting
mode) and the numbers indicate the central wavelength of transmission in nanometers of the interference filter. Polarization filters are oriented
perpendicular to the emitted state of polarization and are placed in front of the “cross” channels. The “total” channels measure the cross and
the parallel part of the backscattered light. POL denotes polarizer to purify the laser polarization, BT denotes beam trap, HN denotes helium
neon laser as reference for the wavemeter, STM denotes steering mirror with stepper motors to adjust the overlap, CAM denotes camera to
visualize the overlap, FM denotes flat mirror (consisting of two mirrors, the small one for emitted pulses, the large one for backscattered
light), PM stands for main or primary mirror and SM for counter or secondary mirror of the Cassegrain telescope, and TPOL means turnable
polarization filter for 190◦ calibration, APT motorized aperture, and COL collimator. Finally RR denotes rotational Raman channel, and
HSRL denotes the high-spectral-resolution lidar channel.
Wandinger and Ansmann (2002). Trustworthy results can be
obtained at altitudes above about 400 m for the backscatter
coefficient and above about 1000 m for the extinction coeffi-
cient, derived from the 387 and 607 nm nitrogen Raman sig-
nal profiles. To control the correct alignment, a telecover test
(Freudenthaler, 2008) with eight segments (four inner and
four outer) has been performed during SALTRACE-2 and in
Leipzig in the autumn of 2014.
The focus of this article is on depolarization-ratio observa-
tions. In order to ensure a high quality of the data, the polar-
ization sensitivity of the lidar system was characterized care-
fully. The polarization-sensitive transmission of the optical
elements in the emitter and the receiver has been character-
ized. A detailed description of the polarization characteriza-
tion can be found in Appendix A.
The basic lidar-derived quantity is the volume linear depo-
larization ratio defined as the ratio of cross- to co-polarized
signal components (Gimmestad, 2008). The prefixes “co”
and “cross” denote the planes of polarization (for which the
receiver channels are sensitive) parallel and orthogonal to the
plane of linear polarization of the transmitted laser pulses,
respectively. In the case of BERTHA we measure the cross-
polarized and total (cross+ co-polarized) signal components
and thus determine the co-polarized signal component from
the cross-polarized and total signal components (more details
are given in the Appendix).
The volume depolarization ratio at 355 and 532 nm is in-
fluenced by light depolarization by air molecules, aerosol,
and cloud particles. To obtain the particle depolarization ratio
a correction for molecular depolarization effects has to be ap-
plied (Biele et al., 2000). To account for molecular backscat-
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ter, extinction and depolarization contributions to the mea-
sured lidar signals we used the SALTRACE radiosonde ob-
servations at CIMH, which were performed twice a day
(Sect. 2.7). The radiosonde height profiles of air tempera-
ture and pressure profiles permit the computation of the ac-
tual height profile of air molecule number concentration over
Barbados.
The presence of cirrus is routinely used to check the con-
sistence of the depolarization ratios at different wavelengths
among each other. Because the size of the ice crystals is usu-
ally much larger than the laser wavelength, the measured op-
tical properties are close together for the 355 to 1064 nm
wavelength range. This can be used to evaluate the quality
of the depolarization-ratio observations for each of the three
wavelengths. Case study II in the next section will be an ex-
ample for these routine checks.
An extended analysis of systematic uncertainties in the re-
trieved optical properties can be found in Freudenthaler et al.
(2009), Freudenthaler (2016), Tesche et al. (2009, 2011a, b),
and Bravo-Aranda et al. (2016). The error bars of the retrieval
products given in the next sections show standard deviations
considering the overall uncertainty.
2.4 POLIS
During the SALTRACE-1 campaign in the summer of 2013,
the dual-wavelength polarization lidar POLIS (Portable Li-
dar System) of the Munich University (Groß et al., 2015)
was operated at CIMH, about 50 m north of the BERTHA
lidar. POLIS is a well-designed and characterized six-
channel polarization/Raman lidar and provides volume lin-
ear depolarization-ratio profiles at 355 and 532 nm with high
accuracy (Freudenthaler et al., 2016; Bravo-Aranda et al.,
2016). POLIS is used as the reference polarization lidar sys-
tem in EARLINET calibration and quality-assurance activi-
ties. The deployment of both lidars at the same site was mo-
tivated by the fact that the 13-channel BERTHA lidar, which
integrates the HSR lidar technique, Raman aerosol, water va-
por, temperature profiling methods, and now in addition the
multiwavelength depolarization-ratio profiling option in one
system, is a complex lidar system with a large number of po-
tential sources for uncertainties (see Appendix A). Therefore
to avoid any risk and to guarantee a high-quality SALTRACE
data set of multiwavelength depolarization-ratio profiles, we
decided to run POLIS and BERTHA side by side during the
entire SALTRACE-1 campaign at CIMH.
The full overlap of the laser beams of POLIS with the
RFOV is at about 200 to 250 m above ground (Groß et al.,
2016), so well within the marine boundary layer (MBL) and
below the lofted Saharan air layer. The range resolution of
the raw data is 3.75 m, the temporal resolution 5–10 s de-
pending on atmospheric conditions. The repetition rate of the
frequency doubled and tripled Nd:YAG laser is 10 Hz with a
pulse energy of 50 mJ at 355 nm and 27 mJ at 532 nm (see
Table 1 for more details).
Table 1. Main system parameters of the BERTHA and POLIS lidar
systems.
Property BERTHA POLIS
Emitted wavelengths (nm) 355, 532, 1064 355, 532
Pulse energy (mJ)∗ 120+ 800+ 1000 50+ 27
Repetition rate (Hz) 30 10
Telescope Cassegrain Dall–Kirkham
Eff. telescope diameter (m) 0.53 0.175
Receiver field of view (mrad) 0.8 2.5
Detected wavelengths (nm)
– elastic (total) 355, 532, 1064
– co-polarized 355, 532
– cross-polarized 355, 532, 1064 355, 532
– inelastic (vib. Raman) 387, 407, 607 387, 607
– further 532HSRL, 532RR,
Range resolution (m) 7.5 3.75
HSRL – high-spectral-resolution lidar; RR – rotational Raman.∗ Internal attenuation are not taken into account for BERTHA, but for POLIS.
2.5 CALIOP
Spaceborne lidar observations of the 532 nm particle linear
depolarization ratio are used for comparison with the 532 nm
particle depolarization ratios from the ground-based lidar ob-
servations during SAMUM-1, SAMUM-2, and SALTRACE.
We analyzed all CALIOP observations (CALIPSO, 2016) for
well-defined areas over Morocco (26–31◦ N, 3–8◦W), in the
Cabo Verde region (13–18◦ N, 21–26◦W), and around Bar-
bados (10–15◦ N, 55–60◦W), performed in June 2013 (11–
13 overpasses), July 2013 (15–17 overpasses), June 2014
(13–16 overpasses), and July 2014 (11–14 overpasses). We
checked all day and night overpasses (scenes) for the pres-
ence of dust and averaged all dusty signal profiles within
the defined areas. In order to retrieve the dust depolarization-
ratio profiles for each overpass, only the observations charac-
terized as dust from the CALIPSO subtype algorithm (Omar
et al., 2009) are used. In these profiles, the particle linear de-
polarization ratio is recalculated from L2 perpendicular and
total backscatter profiles, to improve the accuracy compared
to the original CALIPSO L2-Version 3 product, which has
a known error (Tesche et al., 2013; Amiridis et al., 2013).
Furthermore, several quality control procedures and filtering
criteria are applied in the data set as described in Marinou
et al. (2017).
In the next step, we selected those height ranges (below
6 km height) of the monthly mean profiles in which the de-
polarization ratios were almost height-independent and com-
puted the column-averaged 532 nm particle depolarization
ratio for these specific height ranges. These column values
are used for comparison in Sects. 4 and 5. The selected
height ranges with almost height-independent depolarization
ratios extended from 800–1000 to 3700–5600 m a.s.l. (Mo-
rocco), from 1500–2300 to 4800–5400 m a.s.l. (Cabo Verde),
and from 2500 to 3200–4200 m a.s.l. (Barbados). At lower
heights, contamination with aerosol pollution and/or marine
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particles caused a significantly lower depolarization ratio.
Therefore these lower heights were not considered in the
dust-related depolarization data analysis.
2.6 AERONET photometers
Three sun photometers were run during the SALTRACE
campaign at CIMH lidar station in 2013. Besides two CIMEL
sun–sky photometers of AERONET (Aerosol Robotic Net-
work; Holben et al., 1998) from TROPOS and the Univer-
sity of Valladolid (see Barbados_SALTRACE, AERONET,
2016), an automatic sun–sky radiometer of the Meteoro-
logical Institute of the University of Munich measured the
spectral aerosol optical thickness (AOT) and sky radiances
(Toledano et al., 2009, 2011). The photometers covered a
wavelength range from 340 to 1640 nm. The TROPOS pho-
tometer was operated from June 2013 to July 2014 (with an
interruption from October 2013 to February 2014 caused by
a damage of the sun photometer). Another photometer of
AERONET is installed at Ragged Point (east coast of Bar-
bados) in the vicinity of the Barbados Cloud Observatory
(Stevens et al., 2016). The Ragged Point photometer has per-
formed measurements since 2007.
2.7 Radiosonde profiling
As during the SAMUM-1 and 2 campaigns, we regularly
performed radiosonde observations. The Vaisala RS92 ra-
diosondes measuring height profiles of temperature, air
pressure, relative humidity, wind speed, and direction up
to heights above 20 km were launched around local noon
(15:00–16:00 UTC, 11:00–12:00 local time, LT) and after
sunset (23:00–24:00 UTC, 19:00–20:00 LT). In total 133 ra-
diosonde ascends were conducted at CIMH, 56, 35, and 42
during the SALTRACE-1, 2, and 3 campaigns, respectively.
3 SALTRACE case studies
Three case studies are presented to discuss the quality and
accuracy of the spectrally resolved depolarization-ratio ob-
servations with BERTHA. The first case study from sum-
mer 2013 offers the opportunity of direct comparisons with
the Munich lidar system POLIS, measured at the same field
site in the framework of the SALTRACE-1 campaign (Groß
et al., 2015). In summer 2014 only the lidar system BERTHA
measured the transported Saharan dust. Two cases are shown:
the first with a cirrus cloud, where the depolarization ratio
is known, and the second, where the same dust reached the
North American continent 1 week later and was measured by
the HSRL-2 (Burton et al., 2015).
3.1 Case study I: Comparison of POLIS and BERTHA
observations (11 July 2013)
A strong and long-lasting dust outbreak occurred from 9 to
13 July 2013. Figure 2 shows the BERTHA observations
of the lofted SAL in the evening of 10 July 2013 (19:15–
20:45 LT). The African air mass crossed Barbados with 15–
20 m s−1 wind speed from east to west according to the ra-
diosonde profiles (Fig. 2a). The relative humidity ranged
from 30 to 50 % in the dust layer between 1.75 and 4.6 km
height (Fig. 2c). The moist marine aerosol layer (MAL), indi-
cated by high relative humidity around 80–90 %, reached to
1.75 km height on this evening. The MBL is the convective
part of the MAL and is often topped with trade wind cumuli.
The MAL extends up to the base of the SAL, which coin-
cides with the trade wind inversion zone. Downward mix-
ing of dusty air into the upper part of the marine aerosol
layer is visible in Fig. 2d (green colors between 0.5 and
1.5 km a.s.l.). This layer is also called the intermediate layer
(Jung et al., 2013), due to its location between the convective
boundary layer and the SAL. The heterogeneous structures
in the 532 nm volume depolarization height–time display in
Fig. 2d below 1.5 km height are caused by island effects. Dif-
ferences in orography and heat release over land and ocean
surfaces disturb the air mass flow in the lowest part of the
atmosphere (Jähn et al., 2016). Such vertical mixing features
were not observed during the SALTRACE shipborne lidar
observations over the open Atlantic in May 2013 (Kanitz
et al., 2013; Rittmeister et al., 2017). The backward trajec-
tories in Fig. 3 at 3000 m height indicate dust uptake over
desert areas of northwestern Africa so that contamination
with anthropogenic pollution was probably low. The dusty
air masses traveled 5–7 days across the Atlantic to Barbados.
Figure 4 presents the particle optical properties obtained
with the conventional Raman lidar technique (Ansmann
et al., 1992). Typical features of Saharan dust were observed
(Mattis et al., 2002; Papayannis et al., 2005; Tesche et al.,
2011a; Preißler et al., 2011; Veselovskii et al., 2016; Hofer
et al., 2017). The backscatter and extinction coefficients at
355 and 532 nm are similar and the dust 1064 nm backscatter
coefficient is significantly lower than the respective 532 nm
backscatter coefficient in the SAL. The observed Saharan
dust lidar ratios accumulate in the 50–60 sr range at 355 and
532 nm. Below 1.75 km height a mixture of marine parti-
cles and dust particles prevailed so that the lidar ratio de-
creased. For pure marine conditions, the lidar ratio would be
close to 15–25 sr (Flamant et al., 1998; Groß et al., 2011b;
Burton et al., 2012; Dawson et al., 2015; Rittmeister et al.,
2017; Haarig et al., 2017). The SAL AOT was about 0.3
at 355 and 532 nm on this day. Figure 5 shows the particle
linear depolarization-ratio profiles obtained with POLIS and
BERTHA on 11 July 2013, 00:00–00:45 UTC. The POLIS
backscatter coefficients in Fig. 5a are computed by apply-
ing the Klett method with a dust lidar ratio of 55 sr within
the SAL and 30–40 sr below the SAL (Groß et al., 2015).
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Figure 2. Saharan air layer (from 1.5 to 4.7 km height above ground level) above the marine boundary layer. Panel (b) shows the range-
corrected cross-polarized 532 nm backscatter signal with temporal and vertical resolutions of 30 s and 7.5 m, respectively. Panel (d) shows
the 532 nm volume linear depolarization ratio. The lidar observation was performed on 10 July 2013, 19:15–20:45 LT. A radiosonde was
launched at 19:29 LT (indicated by black vertical lines). The radiosonde profiles of wind speed (WS) and wind direction (WD) are shown in
panel (a), the profiles of relative humidity (RH) and temperature (T ) in panel (c).
The Raman lidar method is used in the computation of the
backscatter profiles from the BERTHA observations.
As can be seen, very good agreement is obtained re-
garding the volume linear depolarization ratio at 355 and
532 nm (Fig. 5b). In the computation of the particle depo-
larization ratio, the particle backscatter coefficients are re-
quired and cause further uncertainty. This impact is most sen-
sitive at 355 nm. The apparent noise in the 355 nm particle
depolarization-ratio profiles is caused by the backscatter co-
efficients used. At 355 and 532 nm the SAL mean particle de-
polarization ratio can be compared between BERTHA (0.25
and 0.28 at 355 and 532 nm, respectively) and POLIS (0.26
and 0.27). Both systems agree very well. Only BERTHA
measured at 1064 nm, and derived a SAL mean particle de-
polarization ratio of 0.22. Below the SAL, all particle de-
polarization ratios decrease. The down-mixed dust prevents
a decrease towards pure marine values of 0.02–0.03 (Groß
et al., 2011b).
In Fig. 5c, profiles of the ratio of particle depolarization
ratios (355 nm over 532 nm in blue, 1064 nm over 532 nm in
red) are shown. The mean values are 0.81 (1064 / 532 nm)
and 0.88 (355 / 532 nm). The observed height independence
of the particle depolarization ratios at all three wavelengths
and of the less noisy ratio of the 1064-to-532 nm depolariza-
tion ratios implies vertically homogeneous dust size–shape
characteristics. An impact of gravitational settling leading to
a decrease of coarse-mode dust concentration in the SAL top
region after 5–10 days of travel, which would show up in a
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Figure 3. Ensemble of 10-day backward trajectories (Stein et al.,
2015; HYSPLIT, 2016) for 11 July 2013, 01:00 UTC, arriving at
3000 m over Barbados.
significant change in the spectral slope of the depolarization
ratio (especially at 1064 nm), is not visible. This corrobo-
rates the hypothesis proposed by Gasteiger et al. (2017) that
heating of the dust particles and turbulent mixing of the SAL
air masses during daytime hours may widely reduce coarse-
mode dust removal by gravitational settling of particles.
3.2 Case study II: Measurements of the dust layer and
a cirrus (20 June 2014)
During SALTRACE-3 in 2014, POLIS was not available.
Cirrus depolarization measurements were used to check the
quality of triple-wavelength depolarization observations over
time. Ice crystals are very large compared to the laser wave-
lengths so that the spectral dependence of backscattering, ex-
tinction, and depolarization properties is rather weak.
Figure 6 presents a cirrus measurement performed on 20–
21 June 2014. The cirrus layer between 12 and 14 km height
was optically thin with an AOT of 0.1. The wavelength-
independent backscatter coefficients of up to 3.5 Mm−1 sr−1
at cirrus center indicate peak particle extinction values of
100–120 Mm−1. The extinction values are obtained by ap-
plying a multiple-scattering-corrected cirrus lidar ratio of
30–35 sr to the cirrus backscatter coefficients (Haarig et al.,
2016b). The extinction measured with the Raman channels
would need a too-large smoothing length in the thin cirrus.
As shown in Fig. 6b, depolarization ratios within the cir-
rus (above 12.2 km height) for 532 and 1064 nm are almost
equal up to cloud top. The 1064 nm particle linear depolar-
ization ratio is close to 0.5 and height-independent from 12.2
(c)(b)(a)
Figure 4. 45 min mean profiles of (a) the particle backscatter coef-
ficient at three wavelengths, (b) extinction coefficient at two wave-
lengths, and (c) extinction-to-backscatter ratio (lidar ratio) at two
wavelengths, measured with BERTHA on 11 July 2013, 00:00–
00:45 UTC. Error bars indicate the retrieval uncertainty (1 stan-
dard deviation). The vertical signal smoothing window length is
200 m (backscatter coefficient) and 1000 m (extinction coefficient,
lidar ratio). The column values of the Ångström exponent (AE
440–870 nm) and the aerosol optical depth (AOD) from the clos-
est AERONET observation are indicated.
to 13.3 km height. The noisy 355 nm particle depolarization
ratio is less trustworthy, but close to the 532 and 1064 nm
depolarization ratios at least in the cirrus backscatter center
from 12.4 to 12.8 km height. This consistent cirrus measure-
ment of wavelength-independent cirrus backscatter and de-
polarization corroborate that BERTHA was performing well
and that our dust observations below 5 km height are trust-
worthy.
Figure 7 shows the aerosol layers in the lower troposphere
on this cirrus day. A 3 km thick SAL was present above the
marine aerosol layer. Relative humidities of 40–50 % in the
SAL were comparably high and suggest some mixing with
moist marine air.
The HYSPLIT backward trajectories in Fig. 8 corroborate
this hypothesis. A total of 4 days before arriving at Barba-
dos, the air masses at 2.5 km height had the chance of vertical
mixing with marine particles or African pollution. Only the
uppermost dust layer (3–4 km height over Barbados, trajec-
tories not shown) seems to contain pure dust. The air masses
arriving at 3.5 km height were above 6 km over desert areas
in western Africa.
Figure 9 presents the particle optical properties derived
from the BERTHA observations. A steady and almost mono-
tonic decrease of the backscatter coefficients with height was
found. The extinction coefficients at 355 and 532 nm are
again very close and the SAL AOT was about 0.25. The li-
dar ratios range from 40 to 50 sr in the layer from 1 to 3 km
height, which probably contained some marine and anthro-
pogenic haze particles, and were higher with values of 50–
60 sr in the uppermost pure dust layer (3–4 km height).
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(b) (c)(a)
Figure 5. Comparison of POLIS and BERTHA depolarization-ratio observations. Shown are 45 min mean profiles of (a) the particle backscat-
ter coefficient at 355 (POLIS light blue, BERTHA dark blue) and 532 nm wavelength (POLIS light green, BERTHA dark green); (b) the
volume (dashed curves) and particle linear depolarization ratio (solid lines) at 355 nm (POLIS light blue, BERTHA dark blue), 532 nm (PO-
LIS light green, BERTHA dark green), and 1064 nm (BERTHA, red line, equal volume and particle depolarization-ratio profiles); and (c) the
ratio of the 355 to 532 nm particle depolarization ratio (POLIS light blue, BERTHA dark blue) and 1064 to 532 nm particle depolarization
ratio (BERTHA, red). POLIS and BERTHA observations were taken simultaneously on 11 July 2013, 00:00–00:45 UTC. Error bars indicate
the retrieval uncertainty (1 standard deviation). The vertical signal smoothing window length is 200 m (BERTHA, POLIS).
(b)(a)
Figure 6. (a) Aerosol layers below 4 km height and cirrus layer
from 12 to 14 km height in terms of particle backscatter coefficient
at three wavelengths observed with BERTHA on 20–21 June 2014,
23:10-02:10 UTC (signal averaging period), and (b) cirrus ice crys-
tal depolarization ratio (solid lines, volume depolarization ratio as
dashed lines) at three wavelengths. At 1064 nm the volume depolar-
ization ratio is equal to the particle depolarization ratio. The vertical
signal smoothing length is 200 m. Error bars show the relative un-
certainty in the retrievals (1 standard deviation).
The height profiles of the 532 and 1064 nm particle
depolarization ratio show slightly different profile shapes
(Fig. 9c). The 1064 nm depolarization ratio decreases slightly
with height whereas the 532 nm increases with height. Since
the 1064 nm depolarization ratio is very sensitive to coarse-
mode particles, the decrease of the 1064 nm depolarization
ratio (and of the ratio of 1064-to-532 nm depolarization ra-
tios, Fig. 9d) may be related to a decreasing coarse-mode
mean radius of the particles with height. The 532 nm de-
polarization ratio seems to be relatively insensitive against
small changes in the coarse-mode size distribution (Mamouri
and Ansmann, 2017). The 532 nm depolarization ratio for
coarse mode particles is always in the range of 0.35–0.4.
The slightly lower 532 nm depolarization values around 2 km
height may again indicate a different history of the dust trans-
port. The more fine-mode sensitive depolarization ratios (355
and 532 nm) and the respective ratio of 355-to-532 nm de-
polarization ratios show an almost height-invariant behavior
when ignoring the noise in the 355 nm depolarization-ratio
profile (Fig. 9d).
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Figure 7. Saharan air layer (from 1 to 4 km height) above the marine boundary layer. The same parameters as in Fig. 2 are shown. The lidar
observation was performed on 20 June 2014, 19:10–22:10 LT. The radiosonde was launched at 19:49 LT (indicated by black vertical lines).
3.3 Case study III: Dust transport from Africa to
Missouri over 12 000 km (6 July 2014)
A unique case was observed during SALTRACE-3 on 6 July
2014. A 3 km deep dust layer crossed Barbados and traveled
westward towards the United States (see backward trajecto-
ries in Fig. 10 and time-height display of the BERTHA ob-
servations in Fig. 11). Coincidentally, this aged dust layer
was observed with an airborne triple-wavelength polarization
lidar (high-spectral-resolution lidar HSRL-2) 1 week later
(Burton et al., 2015). We use this unexpected opportunity
to compare the triple-wavelength depolarization observations
of aged dust after long-range transport over 6000 km (Bar-
bados) and 12 000 km (Missouri, midwestern USA). Rather
low relative humidities around 20 % were measured with ra-
diosonde in the lofted SAL (see Fig. 11c), suggesting almost
no interference with cloud formation and associated upward
mixing of marine air into the lower part of the SAL. High
wind speeds around 18 m s−1 prevailed above 2.5 km height
over Barbados. The 12.5-day backward trajectories indicate
that the dust observed over Barbados at 2.5 and 3.5 km height
descended towards 1.6 and 2.4 km height over Missouri, af-
ter crossing Yucatán (Mexico), Texas, and Oklahoma. After
leaving the African continent, the dust layers arrived after 5
and 12 days over Barbados and Missouri, respectively.
Figure 12 shows the aerosol optical properties derived
from the BERTHA measurements. The triple-wavelength
particle linear depolarization observations performed over
Missouri are added. The backscatter, extinction, and lidar ra-
tio profiles again show typical dust optical properties. The
SAL AOT was about 0.3 over Barbados on this day. The
backscatter and extinction coefficients were roughly 25–
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Figure 8. Ensemble of 10-day HYSPLIT backward trajectories for
21 June 2014, 00:00 UTC, arriving at 2500 m over Barbados.
30 % lower in the lofted dust layer over Missouri compared
to the values measured over Barbados 1 week before.
An excellent agreement between the two lidar data sets
of depolarization-ratio profiles was found (Fig. 12c). When
comparing the values in the layers from 2.5 to 4.0 km height
over Barbados with the values in the layer from 1.5 to 2.0 km
height over Missouri, both lidars found similar depolariza-
tion ratios. At 532 nm (0.28, BERTHA; 0.30, HSRL-2) and
1064 nm (0.26, BERTHA; 0.27–0.28, HSRL-2), the depolar-
ization ratio over Barbados is slightly lower. The 355 nm de-
polarization ratio measured with BERTHA with a larger sys-
tematic uncertainty is around 0.24. It is higher than over Mis-
souri (0.21, HSRL-2). But the spectral behavior (Fig. 12d)
of the 1064 nm to the 532 nm depolarization ratio was the
same over Barbados and Missouri (0.91). The 355 / 532 ra-
tio of depolarization ratios decreased between Barbados and
the US.
Note also the higher depolarization ratios in the plane-
tary boundary layer over Missouri (Fig. 12c). Probably, new
soil dust particles were injected into the continental plane-
tary boundary layer and then mixed upward into the lofted
aged SAL over the United States. This entrainment of fresh
coarse dust especially influences the 1064 nm depolariza-
tion ratio. Fine-mode pollution is released as well over the
United States, and upward mixing and entrainment of pollu-
tion aerosol into the SAL affects the 355 nm depolarization
ratio most sensitively. Nevertheless, the agreement is surpris-
ingly good. Even after 7 days of travel from Barbados to the
midwestern United States, the Saharan aerosol widely pre-
served its dust characteristics. No significant height depen-
dence of the optical properties (lidar ratio, depolarization ra-
tio, ratio of depolarization ratios) is visible in the main parts
of the layer over both sites.
4 SALTRACE statistical overview
Figure 13 provides an overview of all triple-wavelength
depolarization-ratio observations with BERTHA during the
summer SALTRACE campaigns. SAL mean values of
8 evening sessions (SALTRACE-1, summer 2013) and
13 evening sessions (SALTRACE-3, summer 2014) are
shown. The respective mean values derived from the
BERTHA observations in June 2013 and 2014 and July 2013
and 2014 are shown as horizontal lines. In addition, monthly
means of the SAL column dust depolarization ratio obtained
from spaceborne lidar CALIOP observations at 532 nm in the
Barbados region (10–15◦ N, 55–60◦W) are presented.
The number of evening observations with a complete set
of depolarization ratios at all three wavelengths is compa-
rably low for SALTRACE-1 (2013) because of many days
with rainy and cloudy weather, days without dust, and also
due to problems with one of the lasers. In 2014, 13 evening
data sets of triple-wavelength depolarization-ratio profiles
out of a total of 21 possible evening lidar sessions could
be used for the statistics in Fig. 13. Fewer days with closed
cloud decks and rain periods hampered observations in 2014.
The 5-week SALTRACE-1 field phase was embedded in a
typical tropical wet season. Short-term dust episodes were
frequently interrupted by rainy weather. Radiosonde pro-
files often showed different wind directions from south to
northeast within the 3–5 km thick Saharan dust layers un-
til 9–10 July 2013. Cloud formation and activation of dust
particles to serve as cloud condensation nuclei, as well as
rain and corresponding washout, probably significantly in-
fluenced the dust characteristics during the long-range trans-
port across the Atlantic. A pronounced, well-defined dust
outbreak lasting several days was observed only from 9 to
13 July during the SALTRACE-1 campaign in 2013. Most of
the July 2013 observations in Fig. 13 were taken during this
final SALTRACE-1 dust outbreak. In contrast, more homo-
geneous and vertically well-structured dust outbreaks were
observed in June and July 2014. The summer of 2014 was
an extraordinary dry season in the Barbados area and over
the tropical Atlantic. Cloud processing and washout by rain
was strongly suppressed in the summer of 2014. Continuous
and almost undisturbed dust transport from Africa towards
the Caribbean occurred.
The fluctuations in the individual depolarization-ratio val-
ues in Fig. 13 partly reflect the impact of cloudy and rainy
weather. The mean values (horizontal lines) for July 2013
(with the well-defined dust outbreak) and June and July
2014 differ significantly from the ones for June 2013 for
the wavelengths of 532 and 1064 nm. On average, the 532
and 1064 nm particle depolarization ratios accumulated in
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Figure 9. 3 h mean profiles of (a) the particle backscatter coefficient at three wavelengths, (b) the extinction coefficient and lidar ratio at two
wavelengths, (c) the volume and particle linear depolarization ratio at three wavelengths, and (d) the ratio of the 355 to 532 nm and 1064
to 532 nm particle depolarization ratio. The lidar observation was performed on 20–21 June 2014, 23:10–02:10 UTC. The vertical signal
smoothing window length is 200 m (backscatter coefficient, depolarization ratio) and 750 m (extinction coefficient, lidar ratio). Error bars
indicate the retrieval uncertainty.
Figure 10. 12.5-day HYSPLIT backward trajectories for 13 July
2014, 17:00 UTC, arriving at 1600 m (red) and 2400 m (blue) over
southern Missouri (midwestern United States). The location (Bar-
bados) and time of the corresponding BERTHA lidar measurement
is indicated by a green vertical line.
the 0.28–0.30 and 0.22–0.26 ranges, respectively, during the
more dry and less cloud- and rain-affected periods. A sim-
ilar contrast (wet 2013 vs. dry 2014 months) is observed
with CALIOP. The CALIOP monthly means include SAL
column values around Barbados (10–15◦ N, 55–60◦W). The
large standard deviation bars of the CALIOP monthly means
in Fig. 13 mainly indicate the atmospheric variability within
the defined areas given in Sect. 2.5. Good agreement between
the BERTHA and the CALIOP measurements is found.
A considerable part of the scatter in the BERTHA data
is, however, caused by retrieval uncertainties (see the sys-
tematic uncertainty bars in Fig. 13). These uncertainties are
rather large for 355 nm. The error bars of the individual mea-
surements only show the variability (standard deviation, SD)
around the mean values within the observed individual SAL
height range from base to top. The systematic errors of the
1064 nm particle depolarization ratio are comparably small.
Thus the fluctuations of the 1064 nm depolarization ratio in-
dicate the changes in the dust microphysical characteristics
from day to day. The large-particle fraction is expected to
vary with time as a function of varying dust removal strength
due to different travel conditions across the Atlantic and
different weather conditions. This especially influences the
1064 nm SAL mean depolarization ratio, according to the
discussion below. The depolarization-ratio measurements at
1064 nm will improve the retrieval of microphysical proper-
ties according to Gasteiger and Freudenthaler (2014).
Table 2 provides the overall SALTRACE (summers of
2013 and 2014) mean depolarization-ratio values for all three
wavelengths, the associated SD values (showing the day-to-
day variability of the SAL), and typical systematic retrieval
errors. Typical systematic errors are obtained from averag-
ing of the respective uncertainties of the 21 evening observa-
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Figure 11. Saharan air layer (from 1.2 to 4.2 km height) above the marine boundary layer. The same parameters as in Fig. 2 are shown. The
lidar observation was performed on 6 July 2014, 19:18–21:33 LT. The radiosonde was launched at 19:47 LT (indicated by a black vertical
line).
tional cases. The SALTRACE mean depolarization ratios are
0.25 (355 nm), 0.28 (532 nm), and 0.23 (1064 nm).
We found good agreement between the two depolariza-
tion data sets collected with POLIS (Groß et al., 2015) and
BERTHA for July 2013. On average, particle depolarization
ratios were 0.28 (POLIS) and 0.29 (BERTHA) at 532 nm and
0.27 (POLIS) and 0.26 (BERTHA) at 355 nm. For June 2013,
the results at 532 nm differ significantly. On average, we ob-
served with BERTHA June 2013 means of 0.26 (532 nm)
and 0.26 (355 nm) based on four individual evening mea-
surements. The POLIS June 2013 mean values (based on
three evening measurement sessions) were higher at 532 nm
(0.29) and equal at 355 nm (0.26). The large systematic un-
certainties in the BERTHA depolarization ratios are probably
mainly responsible for the observed differences as well as the
low number of observations.
Table 2. SALTRACE mean particle linear depolarization ratio and
corresponding standard deviation (SD), for all three wavelengths,
observed within the Saharan dust layer with BERTHA in June and
July 2013 and June and July 2014 (21 cases). Typical uncertain-
ties in the retrieval of individual particle depolarization-ratio values
(systematic errors, Sys. error) are given for comparison. These un-
certainties consider the volume depolarization retrieval uncertain-
ties (see Appendix) and uncertainties in the backscatter coefficients
required as input in addition.
Wavelength Mean SD Sys. error
355 nm 0.252 0.030 0.074
532 nm 0.280 0.020 0.019
1064 nm 0.225 0.022 0.008
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Figure 12. Same as Fig. 9, except for 6–7 July 2014, 23:18–01:33 UTC. For comparison, respective height profiles of the particle linear
depolarization ratio (355 nm in light blue, 532 nm in light green, and 1064 nm in orange) and for the ratio of depolarization ratios (in light
blue and orange) measured with an airborne triple-wavelength polarization lidar (HSRL-2) (Burton et al., 2015) on 13 July 2014, 17:00 UTC
are shown. The airborne lidar observations were performed in Missouri (midwestern United States), about 7000 km and 7 days downwind of
Barbados.
Figure 13. Overview of SAL layer mean particle depolarization ra-
tios measured with triple-wavelength polarization lidar BERTHA
during SALTRACE-1 (2013) and SALTRACE-3 (2014). Only
triple-wavelength observations (one per evening) are considered.
Horizontal lines show the mean values of all measurements con-
ducted in 1 of the 4 SALTRACE months in 2013 and 2014. Er-
ror bars indicated the standard deviation calculated from all depo-
larization values (available with 50 m vertical resolution) between
SAL base and top. Respective CALIOP monthly mean values and
standard deviations of the SAL column particle depolarization ra-
tios at 532 nm are shown for comparison. Level 2 version 3.30
CALIPSO aerosol profile data around Barbados are used for this
retrieval (CALIPSO, 2016). The systematic error bars shown on the
left-hand side illustrate the impact of all the retrieval uncertainties
on the results.
5 Discussion
Figure 14 provides an overview of the entire SAMUM–
SALTRACE data set of depolarization ratios collected
from 2006 to 2014 in southeastern Morocco (SAMUM-
1), at Praia in Cabo Verde (SAMUM-2), and on Barba-
dos (SALTRACE). There is almost no change of the mean
355 nm and 532 nm particle depolarization ratio with dis-
tance from the dust source when combining the BERTHA
(Barbados) and POLIS–MULIS (Cabo Verde, Morocco) data
sets. The POLIS–MULIS data sets indicate a slow decrease
of the mean 532 nm depolarization value from 0.31 (Mo-
rocco) to 0.30 (Cabo Verde) to 0.28 (Barbados), but the dif-
ference is not significant. The available 1064 nm mean values
indicate a significant decrease from a Morocco mean value
of 0.27 to a Barbados mean value of 0.23. We speculate that
a large fraction of large dust particles causing depolarization
ratios of 0.40 is present over areas close to the Sahara but that
these large particles are strongly removed before reaching
Barbados. The other two wavelengths (355 and 532 nm) are
more sensitive to fine-mode dust (accumulation-mode parti-
cles with diameters < 1 µm), for which the removal by grav-
itational settling is less efficient. In particular, the 355 nm
SAL values, widely controlled by fine-mode dust particles,
show rather robust behavior. No trend in the 355 nm depo-
larization values is observed in the SAMUM-1, SAMUM-2,
and SALTRACE data.
Figure 14 includes CALIOP depolarization measurements
performed in the Morocco, Cabo Verde, and Barbados re-
gions in June and July of 2013 and 2014. The overall 4-
www.atmos-chem-phys.net/17/10767/2017/ Atmos. Chem. Phys., 17, 10767–10794, 2017
10782 M. Haarig et al.: Triple-wavelength depolarization-ratio profiling during SALTRACE
Figure 14. Comparison of dust-layer mean particle linear depolarization ratios measured during SAMUM-1 (Morocco), SAMUM-2 (Cabo
Verde), and SALTRACE (Barbados). Colored bars show the range of mostly observed depolarization ratios at 355 nm (blue), 532 nm (green),
and 1064 nm (red). The lidars BERTHA, POLIS, and MULIS (the second polarization lidar of Munich University) and the airborne high-
spectral-resolution lidar (HSRL) of DLR (Deutsches Zentrum für Luft- und Raumfahrt) were used to collect this data set. Data are taken
from the publications of Freudenthaler et al. (2009, SAMUM-1, 19 cases for MULIS, 2–4 cases for the other systems), Groß et al. (2011a,
SAMUM-2, 9 cases for POLIS, 5 cases for MULIS), Groß et al. (2015, SALTRACE, POLIS-6), and from this study (21 cases). In addition,
CALIOP mean values of SAL column depolarization ratios considering all observations during the 4 SALTRACE months (June and July in
2013 and 2014) are shown. The mean values consider all CALIOP overpasses of selected areas in southeastern Morocco, in the Cabo Verde
region, and around Barbados during these 4 months.
month mean values (plus SD) are shown. The CALIOP
532 nm mean values (and SD) are 0.31± 0.07 (Morocco),
0.30± 0.05 (Cabo Verde), and 0.30± 0.06 (Barbados). Good
agreement between the ground-based BERTHA and space-
borne CALIOP observations is obtained, and no signifi-
cant trend in the 532 nm particle depolarization ratio found.
Veselovskii et al. (2016) reported average 532 nm par-
ticle linear depolarization ratios of 0.30± 0.045 for the
SHADOW campaign in Senegal during dust outbreaks in
March–April 2015.
The spectral slope of the depolarization ratio, shown in
Fig. 15, with the maximum at 532 nm and lower values at 355
and 1064 nm, reflects the different influence of the fine-mode
and coarse-mode dust fractions on the overall (fine+ coarse)
particle depolarization ratio at the three wavelengths. The
355 nm dust particle depolarization ratio is strongly influ-
enced by fine-mode dust (up to 50–60 % fine mode fraction
(FMF) according to AERONET observations). Fine-mode
dust causes a depolarization ratio around 0.20 at 355 nm. The
comparably weak influence of coarse-mode dust (causing de-
polarization ratios > 0.30) leads to an overall (fine + coarse-
mode) particle linear depolarization ratio of 0.25± 0.03. The
532 nm dust depolarization ratio is still sensitively influ-
enced by fine-mode dust (FMF 10–30 % contribution, caus-
ing a fine-mode depolarization ratio around 0.15) but also by
the coarse-mode dust particle fraction (leading to a depolar-
ization ratio of 0.35–0.40). The overall effect of fine-mode
and coarse-mode depolarization then leads to the observed
532 nm depolarization ratios around 0.28–0.30. In contrast,
about 95 % of the 1064 nm dust particle depolarization ratio
is caused by coarse-mode dust particles (FMF 5 %), accord-
ing to AERONET observations, and seems to be between
Figure 15. SALTRACE mean dust particle linear depolarization ra-
tios at 355, 532, and 1064 nm (SAL column mean values and corre-
sponding standard deviations) measured with BERTHA (21 cases).
In addition, the HSRL-2 observation (Burton et al., 2015) discussed
in Sect. 3.3 is shown. The observational findings are compared with
respective model results, which are based on the dust size–shape
characteristics described in Gasteiger et al. (2017).
0.20 and 0.28 for dust after long-range transport. The in-
fluence of the fine- and coarse-mode dust fractions on the
particle linear depolarization ratio is discussed in detail by
Mamouri and Ansmann (2017).
Simulation studies of Kemppinen et al. (2015a) can be
used to interpret our depolarization observations. These sim-
ulations are based on realistic dust particle shapes, mea-
sured during SAMUM-1 in Morocco (Lindqvist et al., 2014).
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For the so-called dolomite shape type, the simulations yield
1064 and 532 nm coarse-mode particle linear depolarization
ratios of 0.20–0.25 and 0.35–0.40, respectively, provided
dust particles with diameters around 1.5–2.0 µm dominate
backscattering of laser photons. These depolarization val-
ues are in good agreement with the 1064 nm lidar observa-
tions as well as with 532 nm depolarization studies when
taking a dust fine-mode fraction of 20 % (as indicated by
AERONET sun photometer observations), a fine-mode de-
polarization ratio of 0.15, and a measured 532 nm depolar-
ization ratio of 0.30 into account, as explained in detail by
Mamouri and Ansmann (2017). It is interesting to note in this
context that the AERONET photometer observations dur-
ing dust outbreaks over Barbados in 2013 and 2014 show
that the coarse-mode effective diameter accumulates around
3± 0.4 µm, which indicates that most coarse-mode dust par-
ticles after long-range transport have diameters in the 1–3 µm
size range. Veselovskii et al. (2016) retrieved overall (fine-
mode + coarse-mode) effective diameters of 2–2.5 µm from
the multiwavelength lidar measurements in the dust plumes
over Senegal during the SHADOW campaign.
This consistency between the lidar observations, photome-
ter retrievals, and simulation studies is promising and sug-
gests that our triple-wavelength polarization lidar observa-
tions are very useful for the next steps in dust simulation
studies with the goal of developing an appropriate dust size–
shape parametrization scheme for atmospheric weather and
climate models. However, the consistency created here is not
more than an hypothesis. Many more laboratory and model
studies, together with our complex field observations, are re-
quired to improve stepwise our knowledge on the complex
relationship between fundamental dust properties and related
optical effects.
Figure 15 provides a comparison of the observations with
triple-wavelength polarization lidars (BERTHA, HSRL-2)
and a preliminary modeling result of the depolarization ra-
tios described by Gasteiger et al. (2017) in their hypothe-
sis with vertical mixing during the day. A mix of irregularly
shaped (non-spheroidal) particles and small spherical am-
monium sulfate particles is assumed in the simulation. The
mineralogical variability is mimicked by mixing of absorb-
ing and non-absorbing particles. The spectral trend observed
with the lidars is also visible in the simulation. The devia-
tion of the modeled spectral slope of the depolarization ratio
from the observed wavelength dependence may be related to
the shape parametrization of the rough estimate of the dust
size distribution. Figure 15 may be regarded as the starting
point of a comprehensive modeling effort. Dense observa-
tional data on depolarization ratios together with airborne in
situ observations of size distributions and the mineralogical
and chemical composition of the dust particles in the Bar-
bados region (Weinzierl et al., 2017) are now available for
in-depth simulation studies of dust optical properties.
6 Conclusions
Triple-wavelength polarization lidar measurements in long-
range transported Saharan dust layers were performed in Bar-
bados, 5000–8000 km west of the Saharan dust sources, in
the framework of three SALTRACE campaigns, each last-
ing several weeks. High quality was achieved by comparing
the BERTHA observations with depolarization-ratio profiles
measured with a reference system and by using cirrus layers
in which the spectral dependence of the particle depolariza-
tion ratio vanishes. A unique case of long-range-transported
dust over more than 12 000 km was presented and indicated
widely unchanged Saharan dust optical properties even af-
ter a travel time of 2 weeks since the emission. On average,
the particle linear depolarization ratios for aged Saharan dust
were found to be 0.252± 0.030 at 355 nm, 0.280± 0.020 at
532 nm, and 0.225± 0.022 at 1064 nm (mean± standard de-
viation). According to published simulation studies we con-
clude that most of the coarse-mode dust particles have sizes
around 2 µm in diameter after 1 week of travel. By compar-
ing the SALTRACE results to the SAMUM-1 and SAMUM-
2 results, again, only minor changes in the dust depolariza-
tion characteristics were observed on the way from the Sa-
haran dust sources towards the Caribbean. Only the 1064 nm
depolarization-ratio mean value decreased significantly from
Morocco towards the Caribbean.
A long-term data set of the particle linear depolarization
ratio of mineral dust measured simultaneously at 355, 532,
and 1064 nm is now available. In addition, dense 355 and
532 nm lidar ratio data sets are available (Groß et al., 2011a,
2015; Tesche et al., 2011a). Furthermore, airborne in situ ob-
servations of the dust particle size distribution and chemical
composition in the SAL are available (Weinzierl et al., 2017).
This is an excellent basis for comprehensive simulation ef-
forts to develop realistic dust shape models and parametriza-
tion schemes which link the dust size distribution, composi-
tion, and shape characteristics with the resulting optical and
radiative properties of mineral dust particles.
The available coherent multiwavelength data sets on lin-
ear depolarization ratios and lidar ratios (from the source re-
gion to remote areas of long-range transport) support present
and upcoming spaceborne lidar missions (CALIPSO and
EarthCARE missions) and the development of new space
lidar mission concepts (based on multiwavelength polariza-
tion or HSRL lidar missions). They can further be used to
harmonize existing and future depolarization data sets col-
lected at different lidar wavelengths. Furthermore, existing
dust retrieval schemes such as the technique presented in this
SALTRACE special issue by Mamouri and Ansmann (2017)
can be checked and improved based on the available complex
depolarization-ratio data sets.
Together with the observations of the 355 and 532 nm de-
polarization ratios with POLIS (EARLINET reference sys-
tem), a high-quality data set on depolarization ratios at 355,
532, and 1064 nm for Saharan dust after long-range transport
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is now available for the first time. Comparison with another
triple-wavelength depolarization-ratio data set indicates that
the Barbados data are very trustworthy. CALIOP depolariza-
tion ratios collected over the SAMUM-1, SAMUM-2, and
the SALTRACE field sites are in very good agreement with
the findings of the ground-based lidars. Altogether, a signif-
icant dust aging effect, triggering a significant change of the
dust depolarization ratio from regions close to the source to
areas more than 5000 km downwind, is not visible in the ob-
servations. Discrepancies between the modeled and the ob-
served depolarization ratios are not surprising when keeping
in consideration that the shape characteristics of the irregu-
larly shaped dust particles are not well known, and a realistic
shape model is not existing.
As an outlook, we are presently testing to measure not only
dust depolarization ratios at three wavelengths but also the
dust extinction coefficient at these three wavelengths. First
test observations were promising (Haarig et al., 2016b).
Data availability. HYSPLIT backward trajectories are calculated
via the available simulation tools (HYSPLIT, 2016). AERONET
sun photometer AOT data were downloaded from the AERONET
web page (AERONET, 2016). SALTRACE BERTHA lidar data are
available at TROPOS. CALIOP signal profile data are made avail-
able by the CALIPSO science team (CALIPSO, 2016). We used
level 2 version 3.30 CALIPSO Aerosol profile data.
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Appendix A: Polarization channels and their calibration
in the lidar system BERTHA
The Appendix A briefly explains the state-of-the-art concept
of polarization lidar according to Freudenthaler (2016) and
discusses some special features of the BERTHA lidar sys-
tem. In the second part, the BERTHA lidar system will be
characterized in detail and the systematic errors will be esti-
mated.
A1 Calculation of the depolarization ratio
In a state-of-the-art approach, the components of the lidar
system are described by Mueller matrices using the Mueller–
Stokes formalism (Freudenthaler, 2016):
IS =ηSMS (DS,νS,1S)C(9,)M0 (D0,γ,10,a0)
F(a)ME (DE,β,1E,aBE)IL(α). (A1)
The different quantities have to be known, or at least good
estimates and their uncertainties are needed. They will be de-
scribed in the following text and determined for each wave-
length separately in the next section. An overview is given in
Table A1.
All the rotational misalignment around the optical axis (ro-
tational misalignment in the following) is expressed with re-
spect to the plane of polarization of the polarization filter in
front of the PMT, belonging to the cross-polarized channel
of the corresponding wavelength. The emitted laser light IL
has a rotational misalignment α.
The emitting optics ME (beam expander and steering mir-
rors) have a diattenuation parameter (called diattenuation in
the following) DE, a retardation 1E, and a misalignment β.
Furthermore the beam expander may cause depolarization
due to inhomogeneities over its surface and birefringence of
the calcium fluoride lens. The degree of linear polarization
after the beam expander is given by aBE.
F represents the scattering process in the atmosphere with
an atmospheric polarization parameter a corresponding to
the atmospheric volume linear depolarization ratio δv:
a = 1− δv
1+ δv , (A2)
which is the unknown quantity that will be derived by polar-
ization lidar measurements.
The receiving optics M0 (in the case of BERTHA only the
telescope and a 90◦ mirror) are characterized by the diatten-
uation D0, the retardation 10, and the misalignment γ .
A linear polarizer is used for the calibration C, the posi-
tion 9 is +45 or −45◦, and  is the deviation of this ideal
position, but does not affect the exact 90◦ angle between
the two calibration positions (±45◦). The exact difference
is reached by a highly accurate (10−4◦) step motor (8SMC1
from Standa Ltd., Lithuania). The calibrator is only used dur-
ing the calibration measurements. For the regular measure-
ments, it is taken out of the beam, and therefore a possible
misalignment is not affecting the measurements.
The detection units for the total channel (index S=T) and
for the cross-polarized channel (index S=R), MT and MR,
include a diattenuation, which would be ideally DT = 0 and
DR =−1. In addition to Freudenthaler (2016) a rotational
misalignment νS and a retardation 1S have to be included in
the formulas for the BERTHA lidar system. The calibrator is
located behind the telescope and before the beam separation
unit (see Fig. 1). The retardation1S has no effect on the mea-
sured intensity and needs no further consideration. For the
total channel there is no rotational misalignment; only νR for
the cross-polarized channel has to be taken into account. The
gain ratios of the PMTs and their neutral density filters are
represented by ηT and ηR, respectively. A calibration mea-
surement for every change in the neutral density filters was
performed.
Freudenthaler (2016) presents a solution to the matrix
equation (Eq. A1), introducing the parameters GS and HS
as system constants. They are a simplification in the nota-
tion of the solution and depend on all previously mentioned
system parameters (Table A1). The remaining unknown is
the atmospheric polarization parameter a. The intensity (first
component of the Stokes vector IS) is given by the following:
IS = ηSTST0F11TEIL (GS+ aHS) , (A3)
with the laser intensity IL, the transmittance of the emitting
optics TE of the receiving optics T0 of the detection unit TS,
the backscatter coefficient F11, and the gain of the detector
ηS. Taking the ratio of two signals (cross, index S=R, and
total, index S=T), only TS and ηS are remaining. The vol-
ume linear depolarization ratio δv can be determined as fol-
lows.
δv = δ
∗ (GT+HT)− (GR+HR)
(GR−HR)− δ∗ (GT−HT) , (A4)
with the calibrated signal ratio δ∗:
δ∗ = 1
η
IR
IT
, (A5)
with calibration factor η, determined by the190◦-calibration
(Freudenthaler et al., 2009). The measured calibration factor
η∗ has to be corrected for any of the above-mentioned ro-
tational misalignment. The correction constant K is used to
obtain the calibration factor η (Freudenthaler, 2016):
η = η
∗
K
(A6)
The five parameters GT, HT, GR, HR, and K (system con-
stants) are calculated from the system characteristics (Ta-
ble A1) for each wavelength.
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Table A1. BERTHA parameters (values) used in the volume depolarization-ratio retrieval and uncertainties. Each wavelength is treated
separately: rotational misalignment of the laser (α), the emitting optics (β), the receiving optics (γ ), and the cross-polarized receiver channel
(νR); diattenuation and retardation of the emitter optics (DE, 1E) and the receiver optics (D0, 10); the diattenuation of the total and cross-
polarized receiver channel (DT, DR); the degree of linear polarization of the beam expander (aBE) and the polarization parameter of the 90◦
mirror in the telescope (a0). Explanations for the parameters are given in the text. The configuration is given for SALTRACE-3 (summer
2014).
Property 355 nm 532 nm 1064 nm
Value Uncertainty Value Uncertainty Value Uncertainty
α 0.9◦ ±0.2◦ 1.1◦ ±0.1◦ 0.9◦ ±0.2◦
DE 0.049 ±0.034 0.046 ±0.028 0.047 ±0.037
1E 0◦ ±180◦ 0◦ ±180◦ 0◦ ±180◦
β 0◦ ±1◦ 0◦ ±1◦ 0◦ ±1◦
aBE 0.97 ±0.02 1.00 −0.01 1.00 −0.01
D0 0.07 ±0.02 −0.057 ±0.005 0.040 ±0.01
10 0◦ ±180◦ 0◦ ±180◦ 0◦ ±180◦
γ 0◦ ±0.2◦ 0◦ ±0.2◦ 0◦ ±0.2◦
a0 1.00 −0.01 0.958 ±0.005 1.00 −0.01
DT 0.07 ±0.01 0.088 ±0.01 0.080 ±0.01
DR −0.903 ±0.01 −0.992 ±0.01 −0.980 ±0.01
νR 0◦ ±0.5◦ 0◦ ±0.5◦ 0◦ ±0.5◦
Table A2. The results of the simulation of the lidar system for the volume linear depolarization ratio. The simulation has been performed for
the theoretical Rayleigh background and a typical value for the dust layer for each wavelength. The maximum and minimum value for each
simulation and its standard deviation is given.
Wavelength Rayleigh Dust layer
input min. max. SD input min. max. SD
355 nm 0.0080 −0.0130 0.0440 0.0100 0.080 0.056 0.118 0.010
532 nm 0.0053 −0.0020 0.0260 0.0049 0.200 0.188 0.224 0.006
1064 nm 0.0036 −0.0050 0.0250 0.0057 0.230 0.214 0.257 0.007
A2 System characterization
The results of the system characterization are shown in Ta-
ble A1. Similar characterizations of different EARLINET li-
dars have been reported by Bravo-Aranda et al. (2016). The
results are shown for the conditions during SALTRACE-3 as
it was characterized when the system was back in Leipzig.
Some characterization and optimization efforts have already
been done at the field site in Barbados. Being exposed for
1 year to tropical conditions (high temperature and humid-
ity) and the transport from Barbados to Leipzig might have
an influence on the system characteristics, which is hard to
quantify.
The degree of linear polarization of the laser is high
(> 95 % according to the manufacturer’s specification) and
it is additionally cleaned by a Glan-Taylor polarizer, whose
misalignment with respect to the optical table is character-
ized by the angle α and measured with the help of an addi-
tional polarization filter with the uncertainty of 0.2◦.
The beam expander is the major source of uncertainty in
the emitter optics, as it has to deal with the three wavelengths
simultaneously and the high power of the laser. The CaFl lens
used appears to be birefringent. In order to check this issue,
the beam expander was tested in the EARLINET lidar cal-
ibration center in Bucharest (http://www.lical.inoe.ro). The
Mueller matrix elements have been measured with transmis-
sion ellipsometry at 25 points over the surface of the beam
expander. Inhomogeneities of the Mueller matrix elements in
the external regions of the beam expander have been found,
especially in the UV. As a first approximation a degree of
linear polarization of 0.97± 0.02 in the UV after the beam
expander is assumed. In the visible and near infrared the de-
gree of linear polarization is almost ideal (0.99 to 1.00). The
influence of the other components (mainly steering mirrors)
on the emitter optics is neglected so far, although the diatten-
uation of the emitter optics is mainly induced by these steer-
ing mirrors. From the transmission ellipsometry of the beam
expander a diattenuation (DE) smaller than 0.05 is derived.
Not all elements of the Mueller matrix of the beam expander
could be measured. Therefore the retardation1E of the emit-
ter optics is not known, and the maximum uncertainty of
±180◦ is assumed. The same assumption has been made for
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Figure A1. Frequency distribution (in millions of individual computations) of the volume depolarization ratio derived by a Monte Carlo
simulation of the system parameters of the BERTHA lidar system (Table A1) within their uncertainties. For each wavelength the Rayleigh
depolarization and a typical value in the dust layer was chosen as the input value (true value), given in Table A2. The standard deviation σ
of the Gaussian fit (black line) is given to estimate the error of the volume depolarization ratio.
other EARLINET lidars by Bravo-Aranda et al. (2016). An
appropriate assumption for the rotational misalignment β is
0◦± 1.0◦.
The receiver diattenuation (D0, DT, DR) was character-
ized using an additional light source with a known state of
polarization (0 to 360◦ in steps of 1◦) similar to Mattis et al.
(2009). A second calibration measurement was performed
with the internal linear polarizer after the telescope to sep-
arate the influence of D0 from DT and DR. The two cal-
ibrations indicated a depolarization of the 90◦ mirror after
the secondary mirror (see Fig. 1). The polarization parame-
ter a0 of this mirror has a significant influence at 532 nm only
(a0 = 0.958). For the UV (a0 > 0.994) and the near infrared
(a0 > 0.994) it can be attributed to uncertainties in the mea-
surement (±0.005) and its influence is thus neglected, but
considered in the error estimation. The rotational misalign-
ment γ of the receiving optics is assumed to be 0◦± 0.2◦.
It is a fixed, well-aligned system. The retardation of the re-
ceiver could not be measured, which lead to the maximum
uncertainty of ±180◦. The rotational misalignment (νR) in
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the cross-polarized channel after the calibrator is assumed to
be 0◦± 0.5◦.
The deviation of the ideal calibration position  can be
estimated according to Freudenthaler (2016) and is only
present during calibration measurements, while at the normal
measurements the linear polarizer is taken out of the optical
path. It varies between −3.1 and 1.8◦ at 355 nm, −2.4 and
1.5◦ at 532 nm, and −1.1 and 2.4◦ at 1064 nm. The parame-
ter K corrects the calibration constant for the misalignment
. For each calibration the parameter K was calculated using
the estimated . The corrections are small as ||< 5◦.
K is mainly influenced by the contrast ratio
(= 1 / extinction ratio) of the linear polarizer used for
the calibration. The manufacturer CODIXX specifies the
contrast ratios to be 1 : 10 000 (at 355 nm), 1 : 60 000 (at
532 nm), and 1 : 90 000 (at 1064 nm).
The 12 parameters listed in Table A1 introduce an un-
certainty of the volume linear depolarization ratio. It is too
complex to perform classical error propagation. Therefore
a Monte Carlo simulation is used, as proposed by Bravo-
Aranda et al. (2016). This is actually a complete search over
the multidimensional uncertainty space; there the 12 param-
eters are varied within their error margins. Uniform distribu-
tions are used as input. The rotational misalignment (α, β,
γ , νR) has been simulated with three input values, xi −1xi ,
xi , and xi +1xi . The diattenuation (DE, D0, DT, DR) has
been simulated with five input values, xi−1xi , xi−0.51xi ,
xi , xi + 0.51xi , and xi +1xi , as it is a are more sensitive
parameter (Bravo-Aranda et al., 2016). The unknown retar-
dation (1E and 10) is simulated using five values as well:
−180, −90, 0, 90, and 180◦. The polarization parameter of
the 90◦ mirror in the telescope a0 has been simulated with
three values. For 355 and 1064 nm, 1.000, 0.995, and 0.990
were used. The degree of linear polarization after the beam
expander aBE has been simulated with three values for 532
and 1064 nm (1.000, 0.995, and 0.990) and five values for
355 nm (between 0.95 and 0.99 in steps of 0.01). The varia-
tion of , which does not influence the calculation of GS and
HS, has not been taken into account to reduce the number
of variables by a factor of 3. In the Monte Carlo simulation
over 11 million combinations are used for 532 and 1064 nm.
For 355 nm over 18 million combinations are used as in-
put. The original code, based on Freudenthaler (2016), with-
out our modifications as mentioned above, can be found at
https://bitbucket.org/iannis_b/ (last accessed February 2017).
The simulation has been performed for the theoretical
Rayleigh values (0.0080, 0.0053, 0.0036) and typical val-
ues within the dust layer (0.08, 0.20, 0.23) for 355, 532, and
1064 nm, respectively. For an input value (true value) the pro-
gram simulates the calibrated signal ratio δ∗, varying all li-
dar parameters within their error margins as described above.
Then it calculates the volume depolarization ratio δv accord-
ing to Eq. (A4). The frequency distributions of the solutions
are shown in Fig. A1. The minimum and maximum values, as
well as the standard deviation from the corresponding Gaus-
sian distribution, are summarized in Table A2.
The standard deviation is the measure for the systematic
error of the volume linear depolarization. It is slightly higher
in the dust layer than in the aerosol-free Rayleigh back-
ground.
The systematic error for the particle linear depolarization
ratio mainly includes the uncertainties of the volume depo-
larization ratio (Table A2) and the backscatter ratio (molec-
ular backscatter coefficient divided by particle backscatter
coefficient). For the particle backscatter coefficient, uncer-
tainties of 5, 10, and 15 % for 355, 532, and 1064 nm, re-
spectively, are assumed. Less Rayleigh signal towards higher
wavelengths increases the uncertainty in the reference value
for the calculation of the particle backscatter coefficient. The
uncertainty of the molecular backscatter coefficient is < 1 %
because it is calculated from the temperature and pressure
profiles of the radiosondes which were launched twice a day
at the time of the measurements. The molecular depolariza-
tion is calculated from the transmission curves of the interfer-
ence filters and depends on temperature (Behrendt and Naka-
mura, 2002). An error of 10 % is assumed.
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4.2 Second publication:
Dry versus wet marine particle optical properties: RH depen-
dence of depolarization ratio, backscatter, and extinction from
multiwavelength lidar measurements during SALTRACE
The content of this chapter has already been published under the title “Dry versus wet
marine particle optical properties: RH dependence of depolarization ratio, backscatter,
and extinction from multiwavelength lidar measurements during SALTRACE” by Moritz
Haarig, Albert Ansmann, Josef Gasteiger, Konrad Kandler, Dietrich Althausen, Holger
Baars, Martin Radenz, and David A. Farrell. In 2017, the paper was published under the
Creative Commons Attribution 4.0 License in Atmospheric Chemistry and Physics with the
doi: 10.5194/acp-17-14199-2017 (see https://doi.org/10.5194/acp-17-14199-2017).
Reprinted with permission by the authors from Atmospheric Chemistry and Physics, 17,
14199–14217, 2017.
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Abstract. Triple-wavelength lidar observations of the de-
polarization ratio and the backscatter coefficient of marine
aerosol as a function of relative humidity (RH) are pre-
sented with a 5 min time resolution. The measurements were
performed at Barbados (13◦ N, 59◦W) during the Saharan
Aerosol Long-range Transport and Aerosol-Cloud interac-
tion Experiment (SALTRACE) winter campaign in February
2014. The phase transition from spherical sea salt particles to
cubic-like sea salt crystals was observed with a polarization
lidar. The radiosonde and water-vapor Raman lidar observa-
tions show a drop in RH below 50 % in the marine aerosol
layer simultaneously with a strong increase in particle linear
depolarization ratio, which reaches values up to 0.12± 0.08
(at 355 nm), 0.15± 0.03 (at 532 nm), and 0.10± 0.01 (at
1064 nm). The lidar ratio (extinction-to-backscatter ratio) in-
creased from 19 and 23 sr for spherical sea salt particles to
27 and 25 sr (at 355 and 532 nm, respectively) for cubic-like
particle ensembles. Furthermore the scattering enhancement
due to hygroscopic growth of the marine aerosol particles
under atmospheric conditions was measured. Extinction en-
hancement factors from 40 to 80 % RH of 1.94± 0.94 at
355 nm, 3.70± 1.14 at 532 nm, and 5.37± 1.66 at 1064 nm
were found. The enhanced depolarization ratios and lidar ra-
tios were compared to modeling studies of cubic sea salt par-
ticles.
1 Introduction
Since more than 70 % of the Earth is covered with water, the
optical properties of marine particles must be carefully con-
sidered in radiative transfer schemes in global atmospheric
models. This includes marine conditions with relative humid-
ity (RH)< 50 %, so marine particles get increasingly dry and
change their shape and thus their optical properties, as we
will demonstrate in this paper. The shape of sea salt particles
strongly depends on RH. At typical values of RH> 80 % in
the marine boundary layer (MBL), sea salt particles are liq-
uid solution drops and thus spherical in shape. When RH
decreases below 45 %, they crystallize and become mostly
cubic-like in shape (Wise et al., 2007), but they will not be-
come absolutely dry. The change in shape leads to different
optical properties, especially to changes in the linear depo-
larization ratio. Spheres have a linear depolarization ratio of
ideally zero, while nonspherical particles exhibit higher val-
ues (e.g., Murayama et al., 1999; Sakai et al., 2010; Gasteiger
et al., 2011; David et al., 2013; Kemppinen et al., 2015a,
b). The different optical properties of dry and humid sea salt
have to be considered in various applications.
Satellite passive remote sensing as well as ground-based
passive remote sensing (AERONET; e.g., Smirnov et al.,
2002; Sayer et al., 2012, for marine environments) may
sometimes be significantly affected by dry marine particles
in marine environments (coastal regions during sea breeze ef-
fects). Cubic-like particles have a different scattering phase
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function than spherical particles. Analogous to the mixture
of Saharan dust (assumed to be spheroidal in shape) and
spherical anthropogenic particles, in the case of marine par-
ticles one would need an analysis scheme which considers
cubic particles (and related scattering phase function) be-
sides the spherical ones. The same should be considered in
lidar inversion methods (e.g., Veselovskii et al., 2010; Müller
et al., 2013), when inverting microphysical properties over
the oceans and coastal areas. Nonspherical particles can have
a sensitive impact on the retrieval products, and thus particle
shape has to be carefully considered (Adachi and Buseck,
2015).
Aerosol classification from active remote sensing (Burton
et al., 2012; Groß et al., 2013) based on the depolarization
ratio will be misleading if dried marine aerosol with a high
depolarization ratio is present. The polarization lidar obser-
vations used to separate dust from non-dust (e.g., Sugimoto
and Lee, 2006; Tesche et al., 2009; Mamouri and Ansmann,
2014, 2017) rely on the assumption that non-dust aerosol al-
ways produces depolarization ratios around 0.05 or less and
significant depolarization is only caused by dry irregularly
shaped dust particles. The cubic-like sea salt particles will
consequently be misinterpreted as dust, leading to an over-
estimation of the dust concentration. Active remote sens-
ing from satellites (CALIOP and EarthCARE) use the polar-
ization technique to separate aerosol types. Derived optical
properties like the extinction coefficient depend on the de-
tection of the correct aerosol type to choose the appropriate
lidar ratio (Omar et al., 2009). Dry sea salt particles may not
be detected as sea salt but rather misinterpreted as a differ-
ent aerosol type with a higher lidar ratio, which leads to an
overestimation of the extinction coefficient.
The study aims to show the change of the optical proper-
ties with RH, i.e., how spherical and cubic-like sea salt par-
ticles influence backscatter, extinction, and light depolariza-
tion. The change in shape characteristics of marine aerosol
can be easily observed with polarization lidar (Murayama
et al., 1999; Sakai et al., 2000; Sugimoto et al., 2000). When
equipped with water vapor and nitrogen Raman channels the
lidar delivers profiles of specific humidity. Combined with
regularly available temperature profiles from radiosondes or
models, our Raman lidar observations provide RH together
with the depolarization ratio and can thus carefully measure
changing particle shape effects with RH, as a function of
height. The potential of using Raman lidar to study the hy-
groscopic growth of aerosol particles was demonstrated by
Veselovskii et al. (2009) for summer haze on the east coast
of the United States. Granados-Muñoz et al. (2015) observed
the decrease of depolarization ratio of marine aerosol mix-
tures with increasing RH over southern Spain.
Sea salt crystallization and deliquescence was observed
with a triple-wavelength polarization lidar (Haarig et al.,
2017) in the marine aerosol layer (MAL) over the remote
tropical Atlantic in the absence of any disturbing anthro-
pogenic impact and lofted Saharan dust layer. In this way, li-
dar can provide valuable information on the state of the MAL
from the point of view of optical properties. The results are
presented and discussed in Sect. 4.1.
By performing triple-wavelength polarization lidar obser-
vations, we provide combined information on the shape and
size characteristics of marine aerosol ensembles for the mod-
eling community dealing with the optical properties of irreg-
ularly shaped mineral dust and sea salt particles (Gasteiger
et al., 2011; David et al., 2013; Kemppinen et al., 2015a).
Besides the depolarization ratio of the particles, we also de-
liver extinction-to-backscatter ratios (lidar ratios), which are
also sensitive to changing particle properties. The results are
presented in Sect. 4.2.
RH ranged from 40 to more than 80 % in the MAL.
Scattering enhancement factors with RH are measured un-
der these atmospheric conditions. The enhanced backscat-
ter coefficient depicts the hygroscopic growth of the parti-
cles in terms of changing optical properties. For pure ma-
rine aerosol, the hygroscopic growth factors and thus the
backscatter and extinction enhancement are larger compared
to cases with mixtures of marine and continental particles
(Zieger et al., 2013). This will be presented in Sect. 4.3.
At the beginning (in Sect. 2), we will give an introduction
to sea salt aerosol under dry and humid conditions and show
examples of sea salt particles collected above Barbados. The
lidar measurements in the framework of the Saharan Aerosol
Long-range Transport and Aerosol-Cloud interaction Exper-
iment (SALTRACE; Weinzierl et al., 2017) will be described
briefly in Sect. 3. Then we will present our observations with
a special focus on the phase transition from spherical solution
droplets to crystalline sea salt particles and the scattering en-
hancement factor (Sect. 4). In the discussion (Sect. 5), we
compare our results to model calculations.
2 Sea salt under dry and humid conditions
The oceans are the source of marine aerosol, which con-
sists mainly of sea salt and organic compounds from the sea
surface (Gantt and Meskhidze, 2013). Marine aerosol from
sea spray acts as cloud condensation nuclei and ice nucle-
ating particles over the ocean where other types of particles
are rare (DeMott et al., 2016; Kristensen et al., 2016). Ma-
rine aerosols are found in a wide size range from nanome-
ter (10−9 m) up to several micrometer (10−5 m; Bates et al.,
1998; Dadashazar et al., 2017). The Aitken mode (diame-
ter< 70–80 nm) is dominated by organic material emitted
from the ocean. New particle formation dominates the ac-
cumulation mode (80–300 nm) and the larger particles are
mostly sea salt (e.g., Wex et al., 2016). The sea salt parti-
cles may contain some organics on its surface (Middlebrook
et al., 1998; Facchini et al., 2008; Laskin et al., 2012; Ter-
vahattu et al., 2002). Size-resolved studies of marine aerosol
(up to 2.5 µm) have been performed on Barbados by Wex
et al. (2016). They found that the sea spray mode (> 300 nm)
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Figure 1. Sodium chloride deliquescence at 75 % RH observed at laboratory conditions (at 4.9 ◦C) in an environmental scanning electron
microscope. The dry cubic particle with sharp edges at RH of 46 % becomes surrounded by a liquid sphere when RH increases to 77 %.
contributes 4–10 % to the total number. The number size dis-
tribution is dominated by the Aitken mode. But the surface
area and the volume size distribution are dominated by sea
spray (90 % of the total mass and volume) with negligible
contribution of the Aitken mode, resulting in a bimodal size
distribution (Wex et al., 2016, and personal communication
with H. Wex, 2017). For the radiation studies as for lidar
measurements the surface area and its bimodal distribution
is decisive. In this study, we will focus on sea salt and its
different shapes, which mainly forms the coarse or sea spray
mode. The accumulation mode (later on called fine mode)
consists of sea salt particles and newly formed organic parti-
cles. Sea salt is the dominant component of the coarse mode
and dominates the optical properties. Therefore most of the
following investigations concern the sea salt and its changes
with RH.
Crystalline sodium chloride has a cubic shape, while sul-
fates form frequently needle-like shapes (Kandler et al.,
2007). With different compounds present in sea-salt, mixed
particle geometries can occur (Wise et al., 2007). With in-
creasing RH the hygroscopic material takes up water, deli-
quesces, and forms a spherical solution droplet. In humid ma-
rine environments, sea salt particles are of spherical shape.
Consequently sea salt exists in two shape modes, spherical
and nonspherical crystalline.
The shape and thus the depolarization ratio are depen-
dent not only on RH but also on the chemical composition
and the rate at which the particles have dried (Wang et al.,
2010), leading to different crystalline shapes. NaCl is the ma-
jor component of sea salt, but other salts such as Na2SO4,
MgCl2, MgSO4, and possibly some organics are part of at-
mospheric sea salt (Tang et al., 1997). These components
prevent the perfectly cubic shape of dried sea salt (Zelenyuk
et al., 2006; Zieger et al., 2017).
In Fig. 1, the deliquescence behavior of a pure sodium
chloride particle is shown. It was observed with a scan-
ning electron microscope. The cubic sodium chloride particle
grows with increasing RH. Once the deliquescence point (in
this case at RH of approximately 75 %) is reached, it turns
into a droplet. The studies of Tang et al. (1997) found the
deliquescence point for sea salt at 70–74 %, depending on
the composition of the sea salt. The particles keep the spher-
ical shape until RH decreases to 45–48 % (Tang et al., 1997).
As a result of the hysteresis effect, sea salt particles may ex-
ist in both shape modes between approximately 50 and 70 %
RH, depending on their individual history. These conditions
may occur quite often over the oceans and coastal areas, as
illustrated by Kandler et al. (2011). The hysteresis behavior
has been previously studied (Carrico et al., 2003; Wise et al.,
2005).
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Figure 2. Images of dry atmospheric sea salt particles (red arrows) surrounded by Saharan dust particles, collected during the summer
transport regime (summer 2013), whereas the later-presented profile measurements were perfomed in the absence of dust layers in February
2014. The particles were sampled aboard the Falcon research aircraft (Weinzierl et al., 2017) at different heights over Barbados on (a) 21
June, (b) 10 July, (c) 26 June and (d) 30 June 2013 during SALTRACE-1. Sampling altitude and conditions are (a) 2560 m a.s.l., 15 ◦C,
29 % RH; (b) 3550 m a.s.l., 8 ◦C, 28 % RH; (c) 3570 m a.s.l., 7 ◦C, 39 % RH; (d) 3230 m a.s.l., 8 ◦C, 34 % RH. For the sea salt particles in
(b) and (d) the XRF images are included showing that chloride (Cl) and sodium (Na) are the main components. The sulfate (S) component
is negligible for particle (b) but significant for particle (d), which exhibits a more spherical shape. Panel (c) shows an outline of a former
droplet (green arrows), indicating a still (partial) deliquesced state during collection. The white bar in the bottom right corner indicates 2 µm.
Atmospheric samples of dry salt particles (Fig. 2) were
collected during the SALTRACE-1 campaign (Barbados,
summer 2013), whereas the case studies shown later in this
publication are for pristine marine conditions observed dur-
ing February 2014. The samples in Fig. 2 are taken in the dust
layer (2–4 km a.s.l.), which was present during the summer
months but not the winter months, when our observations
of dry marine particles took place. The samples in Fig. 2
were taken in the free troposphere to ensure that the parti-
cles have been dried in airborne state to be representative for
atmospheric aerosol, in contrast to wet collection followed
by drying on a substrate, which might lead to substrate ef-
fects. The four dry marine particles shown in Fig. 2 were col-
lected at RH between 28 and 39 %. The X-ray fluorescence
spectroscopy (XRF) images reveal that particle (b) with a
shape closer to a cube has a negligible contribution of sul-
fate, whereas particle (d) is more spherical in shape and has
a larger contribution of sulfate. Also, organics of marine ori-
gin might be the reason for the more spherical shape (Laskin
et al., 2012). Particle (c) shows the outline of a spherical
marine aerosol droplet, so this one was probably still deli-
quesced at the time of collection. Overall we see that sea salt
particles have a nonspherical shape that could be approxi-
mated by a cube for RH below 40 %. But the shape is not
perfectly cubic as for pure sodium chloride (see Fig. 1). The
edges of the sea salt particles dried in the atmosphere are
smoother. In this publication we will call the shape of crys-
talline sea salt “cubic-like” to separate it from the spherical
sea salt droplets under humid conditions. Compared to model
results of perfectly cubic particles or pure NaCl salt particles
investigated in the laboratory, we should measure lower de-
polarization ratios for dried marine aerosol in the atmosphere
because of the smoothed cubic-like shape.
For spherical marine particles a low particle linear depolar-
ization ratio (PLDR) of 0.03± 0.01 at 532 nm prevails (Groß
et al., 2013). The range of depolarization values given in the
mentioned publication is 0.01–0.11. This indicates that not
all cases classified as marine aerosol consisted of spherical
sea salt particles.
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Field studies on dried marine particles are very rare. First
evidence of an enhanced depolarization ratio for dry marine
particles was reported by Murayama et al. (1999) based on
lidar measurements in Tokyo. A clear separation from a po-
tential dust influence was not possible. They observed a peak
in the PLDR of 0.1 at 532 nm during sea breeze.
Sakai et al. (2000) measured RH and the depolarization
ratio over Nagoya, Japan, from 1994 to 1997 with a Raman
lidar. They found 532 nm PLDRs between 0.1 and 0.2 for
25–45 % RH at heights from 2 to 4 km in the free tropo-
sphere. Backward trajectories indicated pure marine condi-
tions. These values are in good agreement with our observa-
tions. However, it cannot be excluded that continental parti-
cles were present as well and contributed to the light depo-
larization.
In a laboratory study, Sakai et al. (2010) measured the
PLDR of spherical sea salt particles of 0.01± 0.001 at
532 nm. For crystalline sea salt particles, they found a PLDR
of 0.08± 0.01. Pure crystalline NaCl has a significantly
higher depolarization ratio (PLDR= 0.21± 0.02) than atmo-
spheric sea salt (Sakai et al., 2010). In a laboratory study,
Järvinen et al. (2016) observed pure NaCl particles with a
depolarization ratio of 0.25.
Additionally to the change in particle shape, the size of sea
salt aerosols changes with RH. Due to water uptake sea salt
aerosols are much larger under humid conditions and smaller
under dry conditions. The process is known as hygroscopic
growth (e.g., Zieger et al., 2013; Skupin et al., 2016). The
change in optical properties (backscatter coefficient, extinc-
tion coefficient, lidar ratio) with varying RH can be measured
with a Raman lidar. Results are shown in Sect. 4.3.
Early discrete dipole approximation (DDA) modeling at-
tempts of spherical and cubic sea salt particles have been
done by Murayama et al. (1999). For cubic particles larger
than 0.8 µm a PLDR of 0.08–0.22 at 532 nm was predicted.
David et al. (2013) used a T-matrix approach for cubic sea
salt particles to model the depolarization ratio (approx. 0.16
in the visible and UV) and the lidar ratio (19 sr in UV and
20 sr in the visible). The DDA approach for cubic particles
including surface roughness (Kemppinen et al., 2015a) leads
to a PLDR 0.1–0.2 and a lidar ratio of 15–20 sr for the parti-
cle radius equal to the wavelength (size parameter= 6). Our
observations will also be compared with recently performed
model calculations (Sect. 5).
3 Methods
3.1 The SALTRACE project
The three SALTRACE field campaigns in 2013 and 2014
are the final observational efforts of the long-term SAMUM-
SALTRACE project (Heintzenberg, 2009; Ansmann et al.,
2011; Weinzierl et al., 2017). During SALTRACE, we in-
vestigated the Saharan dust properties after an atmospheric
travel over 5–15 days and 5000–8000 km (Weinzierl et al.,
2017; Haarig et al., 2016a, 2017). In the summer seasons
of 2013 and 2014 (SALTRACE-1 and SALTRACE-3 in
June–July), aged dust layers were observed. To investigate
aged mixtures of dust and biomass burning smoke after
long-range transport, we performed an additional campaign
in February–March 2014 (SALTRACE-2, winter transport
regime). In February 2014 there was a period without aerosol
transport from Africa, resulting in very clean marine condi-
tions over Barbados. The SALTRACE lidar activities were
complemented by shipborne lidar observations along the
main Sahara dust transport route over the tropical North At-
lantic in April–May 2013 (Kanitz et al., 2013; Rittmeister
et al., 2017; Ansmann et al., 2017).
The ground-based remote sensing station was deployed
at the Caribbean Institute for Meteorology and Hydrology
(CIMH) in Husbands, north of the capital Bridgetown at the
west coast of Barbados (13.15◦ N, 59.62◦W; 110 m a.s.l.).
The BERTHA (Backscatter Extinction lidar Ratio Tem-
perature Humidity profiling Apparatus) lidar system, an
AERONET sun photometer (see AERONET web page https:
//aeronet.gsfc.nasa.gov/, Barbados_SALTRACE site), and a
Vaisala radiosonde station (RS92 for profiling of pressure,
temperature, RH, and the vector of the horizontal wind com-
ponent) were operated at the field site. A second AERONET
station (Ragged Point) is located at the east coast of Barba-
dos, approximately 20 km away from the CIMH.
3.2 Triple-wavelength lidar BERTHA
The multi-wavelength polarization Raman lidar BERTHA of
the Leibniz Institute for Tropospheric Research (TROPOS)
is a container-based mobile lidar system. As a unique fea-
ture, it enables the measurement of the depolarization ra-
tio at three wavelengths (355, 532, and 1064 nm) simulta-
neously. A more detailed description of the lidar system
and the polarization characteristics can be found in Haarig
et al. (2017). Currently it operates as a 3+2+3 lidar system
(three backscatter coefficients, two extinction coefficients,
and three depolarization ratios) with an additional water va-
por channel (407 nm) and a high-spectral-resolution channel
at 532 nm. It has been used in a 3+ 3+ 2 configuration in
Haarig et al. (2016b). The signals are detected with a range
resolution of 7.5 m and a time resolution of 10 s.
The particle backscatter coefficient gives information
about the aerosol layers. For particles with sizes compa-
rable to the wavelength or larger, it is in first approxima-
tion proportional to the surface area of the bulk of parti-
cles. The extinction coefficient is determined from the trans-
mission of the laser beam through the atmosphere. Both are
calculated independently from the lidar signals via the Ra-
man lidar method (Ansmann et al., 1992). The backscatter-
to-extinction ratio, also called lidar ratio, contains informa-
tion about the particle size and shape, as well as about the
refractive index. Therefore it is used together with the par-
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ticle depolarization ratio to classify aerosol types (Burton
et al., 2012; Groß et al., 2013). The 532 nm channels reach
full overlap at 800–1000 m height. The 355 nm channels
reach full overlap at 2500–3000 m. Therefore, they have to
be overlap-corrected according to Wandinger and Ansmann
(2002). The uncertainty especially of the extinction and the
lidar ratio is therefore larger in the UV.
The PLDR is a measure of the depolarization caused
by the scattering of linear-polarized light (defined as par-
allel) at atmospheric particles. It is defined as the ratio
of cross-polarized to parallel-polarized light scattered back
from aerosol particles. As an intensive parameter it is char-
acteristic for a certain aerosol type. For spherical particles
(droplets, wet marine particles) the PLDR is< 0.03, whereas
nonspherical particles have a higher PLDR (dust approx.
0.3 (at 532 nm), ice crystals approx. 0.5; Groß et al., 2013;
Haarig et al., 2017). To ensure the good quality of the depo-
larization measurements, a 190◦ calibration (Freudenthaler
et al., 2009) was performed for each measurement. In the UV
the systematic uncertainties are quite high (0.01 in the vol-
ume linear depolarization ratio). The calculation of the depo-
larization ratio follows Freudenthaler (2016) and is described
in Haarig et al. (2017), where a detailed error estimation can
be found in addition.
For the calculation of RH, the temperature profile of the
radiosonde is used. BERTHA measures the pure rotational
Raman signals from nitrogen and oxygen from the 532 nm-
emission wavelength to retrieve the temperature profile, but
the uncertainty is too large to retrieve RH with a reasonable
uncertainty (Mattis et al., 2002). During the SALTRACE
campaign, a Vaisala RS92 radiosonde was launched for
each measurement. The water vapor mixing ratio of the ra-
diosonde is used to calibrate the water vapor mixing ratio
derived by the ratio of the hydrogen (407 nm) and nitrogen
(387 nm) Raman signal of the lidar (Whiteman et al., 1992).
Due to the weak 407 nm signal, the technique can be used at
nighttime only. By using the water vapor mixing ratio pro-
files of the lidar and the temperature and pressure profile of
the radiosonde the temporal and vertical evolution of RH can
be derived. The relative error of the water vapor mixing ra-
tio caused by calibration and signal noise was < 5 % at all
heights within the aerosol layer (in these cases up to 2 km).
The temperature of the radiosonde is used for the 2 h of mea-
surement, so an uncertainty of 1 K is reasonable. These errors
lead to a maximal relative uncertainty in RH of 12 %, result-
ing in a dry RH of 40± 5 %. A detailed error estimation for
RH derived with a Raman lidar can be found in Mattis et al.
(2002).
3.3 The DDA model for cubic sodium chloride
We simulate optical properties of dry sea salt particles as
cubes with the refractive index m of sodium chloride, pro-
vided by Eldridge and Palik (1985), i.e., with values m=
1.582 at λ= 355 nm, m= 1.549 at λ= 532 nm, and m=
1.531 at λ= 1064 nm. The size distribution is taken from the
corresponding AERONET measurement. The version 2 in-
versions for spherical particles are used (Holben et al., 1998).
A range of volume-equivalent particle radii up to 2 µm is
covered by modeling with the DDA code ADDA (Yurkin and
Hoekstra, 2011) with logarithmically equidistant size steps of
a factor of 1.1. We use the DDA formulation “filtered coupled
dipoles” (Piller and Martin, 1998) included in ADDA, which
was also used for example by Gasteiger et al. (2011), and use
eight dipoles (dpl) per wavelength. To simulate random par-
ticle orientation, DDA runs for 100 orientations were carried
out for each particle. The weighted distributions of particle
orientations were selected according to those presented by
Sloan and Womersley (2004). For each DDA run, the optical
properties were averaged over 64 scattering planes rotated
around the incident light direction. The single particle prop-
erties are used in a subsequent step for the calculation of the
bulk optical properties (see Sect. 5).
To estimate the accuracy of these model simulations, the
scattering problems were modeled in addition with settings
associated with higher accuracy, i.e., one case with increased
number of dipoles per wavelength (dpl= 12 instead of 8) and
another case where we increased the number of orientations
from 100 to 225.
The uncertainty is estimated for the lidar ratio of single
randomly oriented particles to be on the order of ±10 % and
for the linear depolarization ratios about ±0.02. A similar
uncertainty is estimated for the final optical properties of the
bulk sea salt aerosol. The estimate for the bulk properties
is based on the uncertainty being, on the one hand, reduced
by averaging over the size distribution or, on the other hand,
increased due to the fact that the assumed size distribution,
particle shape, and refractive index are given with an uncer-
tainty.
4 Observations
The island of Barbados is ideal to observe pure marine con-
ditions. It is the eastern-most island of the Caribbean and lo-
cated in the trade wind zone with predominant wind direction
from the east. In winter, the inner tropical convergence zone
is shifted to the Southern Hemisphere, so the air masses orig-
inating from the African continent are transported to South
America (e.g., Baars et al., 2011), leaving the Caribbean un-
der marine influence.
The MAL extends up to the strong trade wind inversion
at around 2 km height. The MAL is defined by the predomi-
nance of marine aerosol. It includes the convective MBL and
another residual layer of marine particles. The dust removal
process in the MAL is very efficient as shown in Rittmeis-
ter et al. (2017). As there was no dust or other continental
aerosol in the free troposphere above the MAL, it is very un-
likely that dust reached Barbados during February 2014.
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Figure 3. Three days of lidar observations (23–25 February 2014)
of layers with dried marine particles in the marine aerosol layer
(MAL). On 23 February (left panel), a vertically extended layer
of dried sea salt particles (red area) occurred on top of the con-
vective boundary layer. A continuously 100–200 m thick layer with
dried marine particles (yellow layer at MAL top) was present over
the whole day on 24 February 2014; this layer was still present
on 25 February. The convectively active MBL reaches about 1 km
on all 3 days and permanently pushed marine aerosol upward. The
shown range-corrected 1064 nm backscatter signal (cross-polarized
channel, 10 s temporal, 7.5 m vertical resolution) is most sensitive
to enhanced light depolarization produced by dry marine aerosol.
LT: local time.
During the SALTRACE-2 campaign (16 February–
8 March 2014), a layer of enhanced cross-polarized signal
was observed for several days. Figure 3 shows the period
from 23 to 25 February 2014. A strong decrease in RH from
80 to less than 10 % at the trade wind inversion height (MAL
top) was continuously observed between 20 and 25 February
2014. The enhanced depolarization ratio corresponding to
this RH decrease was found to be between 0.04 and 0.12 (at
532 nm). The two night measurements of 23 and 24 February
2014 will be discussed in the following section to demon-
strate how the decrease in RH leads to an increase of the
linear depolarization ratio due to the change in the shape
properties of the sea salt particles. Firstly, the observations
during the two night measurements will be described. Then,
the changes in shape and size with RH will be discussed by
using the PLDR and the particle backscatter coefficient, re-
spectively.
4.1 Profile measurements of backscatter,
depolarization, lidar ratio, and RH
An overview of the observations on 23 and 24 February 2014
is given in Figs. 4 and 5. On 23 February 2014, the MAL was
not well mixed. RH decreased steadily from 80 % at 250 m
height to 35 % at 1000 m height. Above the 1000 m height
level, RH increased again up to 80 % at 1800 m height. Then
a fast decrease of RH (from 80 to less than 10 %) occurred
at the trade wind inversion height between 1850 and 2150 m
height. The strong decrease of RH at MAL top was observed
for most of the measurements under clean marine conditions
(a)
(b)
(c)
Figure 4. Marine aerosol layer (MAL) over Barbados on 23 Febru-
ary 2014, 19:38–21:39 local time, with the cloud-free MBL reach-
ing to 0.8–1 km height (indicated by a low depolarization ratio and
high RH) and an extended layer between about 1 and 2.1 km height
with dried marine sea salt particles causing enhanced light depolar-
ization (b yellow–red areas) at low RH of < 50 % (c, bluish areas).
The cross-polarized 1064 nm signal (a 10 s temporal, 7.5 m verti-
cal resolution) highlights the layer with dried marine particles (yel-
low areas). Panels (b) and (c) are based on depolarization ratio and
RH profile values averaged over 30 s and vertically smoothed over
22 m (b) and 52 m (c).
in February 2014. The time–height display of RH is shown in
Fig. 4c. The increased signal in the cross-polarized channel
and the volume depolarization ratio at 1064 nm are shown in
Fig. 4a and b. In parts with low RH, mostly between 1000 and
1600 m, the volume depolarization ratio is high, indicating
nonspherical particles.
On 24 February 2014, only a thin layer of dried marine
particles was observed. The MAL reached up to 2 km height
(Fig. 5). The feature of interest is the enhanced 1064 nm
cross-polarized signal in the upper 200 m of the aerosol
layer. The radiosonde launched at 23:07 UTC (19:07 local
time; LT) shows a strong temperature inversion of 4 K within
200 m around 2000 m height (trade wind inversion height).
RH was about 65 to 80 % throughout the MAL and decreased
to values of 5 % 200 m above the MAL. RH (Fig. 5c) indi-
cates that the environmental conditions remained unchanged
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Figure 5. Same as Fig. 4, except for 24 February 2014, 18:12–
20:27 local time. The MAL top is again close to 2 km height. The
convective MBL reaches to about 800 m height and permanently
pushes sea salt particles into the upper part of the MAL. RH is
high throughout the MAL (and thus depolarization ratio caused by
spherical, wet marine particles is low). Only at MAL top do dried
marine particles cause a thin layer of enhanced cross-polarized sig-
nal (a 10 s temporal, 7.5 m vertical resolution) and depolarization
ratio (b). Daytime noise is visible in the RH (c) in the first half
hour after sunset at 22:06 UTC. Panels (b) and (c) are based on the
depolarization ratio and RH profile values averaged over 30 s and
vertically smoothed over 22 m (b) and 52 m (c).
during the 2 h average (18:11–20:20 LT). Marine particles
lost their spherical shape at the top of the marine aerosol
layer (efflorescence). This caused an enhanced depolariza-
tion ratio, as can be seen in Fig. 5b.
For the further discussion it is important to show that pre-
dominately marine aerosol particles were present over Bar-
bados in the lowest 2000 m. HYSPLIT backward trajectories
(Stein et al., 2015; HYSPLIT, 2017) and AERONET (Hol-
ben et al., 1998; AERONET, 2017) observations are used to
demonstrate that pure marine conditions were given.
The ensemble of 7-day backward trajectories for 23 Febru-
ary (Fig. 6a) indicates marine sources over the Atlantic for
the air mass, with only a rather small chance of aerosol
uptake over Western Sahara. On 24 February the ensemble
Figure 6. Ensemble of 7-day backward trajectories (HYSPLIT,
2017) for (a) 24 February 2014, 00:00 UTC, and (b) for 24 February
2014, 23:00 UTC, arriving at 1200 m over Barbados.
of 7-day backward trajectories (Fig. 6b) shows only marine
aerosol sources for the MAL.
In Fig. 6, only one height level (1200 m) is considered
for the MAL. A more sophisticated analysis of the ensem-
bles of trajectories at different heights is shown in Fig. 7. To
estimate the contributions of marine and continental aerosol
sources to the observed air masses, ensembles of HYSPLIT
backward trajectories (Stein et al., 2015) were calculated in
vertical steps of 500 m. Each ensemble consists of 27 single
trajectories which are initialized with a small spatial offset.
An air parcel is assumed to get laden with aerosols over a
given marine or continental source region when the parcel is
at heights below 2 km above this region. The colors in Fig. 7
indicate the contribution of different land cover categories,
taken from MODIS (Friedl et al., 2002).
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Figure 7. Relative residence time of the air masses over ground
within the 10 days prior to their arrival over Barbados (24 Febru-
ary 2014, 00:00 UTC). For each height level (500 m) an ensemble
of 27 HYSPLIT trajectories was calculated. The numbers on the
right-hand side indicate the total amount of hours that the ensemble
of 10-day backward trajectories at each height level spend close to
the ground (below 2 km height) and could be possibly laden with
aerosols. The color bar indicates the portion of different surface ar-
eas, where blue stands for ocean and green for different types of
continental land cover (forest, grass, etc.). The land cover is taken
from MODIS. Between 2.5 and 4.0 km height, the trajectories did
not come close to the ground. The air masses in the MAL (up to
2 km height) are purely marine. The same result was found on 25
February 2014, 00:00 UTC (not shown).
Considering the ensembles of trajectories at different
heights below 2000 m for both nights (Fig. 7, only the night
of 23 February shown), none of the 10-day back trajectories
crossed a continental site at heights below 2 km. This anal-
ysis clearly indicates that our lidar observations were per-
formed at pure marine aerosol conditions.
The measurements of the AERONET sun photometers at
Ragged Point and at the field site (Barbados_SALTRACE)
are shown in Fig. 8 (Holben et al., 1998; AERONET, 2017).
The aerosol optical thickness (AOT at 500 nm) is low and ac-
cumulates around 0.05. Very low Ångström exponents (AE)
were found and indicate the dominance of coarse mode par-
ticles. In our cases the AE at the closest AERONET ob-
(c)
(b)
(a)
:
o
Ragged Point
Figure 8. AERONET retrieval products for 21–28 February 2014:
(a) Aerosol optical thickness (AOT) at 500 nm; (b) Ångström expo-
nent (440–870 nm); (c) fine mode fraction (FMF). AERONET level
2.0 data from Ragged Point and Barbados_SALTRACE are shown.
The gray area highlights the time period of lidar observations dis-
cussed in this section.
servations (after 20:00 UTC) are between 0.1 and 0.2. The
fine mode fraction (FMF) is also typical for coarse-mode-
dominated particle ensembles.
The transport of dust over 5000–8000 km below the trade
wind inversion is extremely unlikely. The dust particles
will get lost due to turbulent downward mixing or gravi-
tational sedimentation or wet deposition. The observations
of Rittmeister et al. (2017) support the conceptual model
(Karyampudi et al., 1999), which implies a very efficient re-
moval of dust from the MAL. Dust is transported over long
distances in the Saharan air layer (SAL) above the trade wind
inversion (above the MAL). But in late February 2014, the
SAL was not present over the MAL. In conclusion, all air
mass back trajectory studies and the AERONET observa-
tions indicate clean marine conditions over Barbados during
23 and 24 February 2014.
The vertical profiles of the particle backscatter coefficient
and the PLDR for the three wavelengths (355, 532, and
1064 nm) of the BERTHA lidar system are shown in Figs. 9
and 10. A good agreement is achieved between RH mea-
sured with the radiosonde and the 30 min (2 h) mean RH
profile retrieved from the lidar observations. The profile of
RH in combination with the profiles of the backscatter co-
efficient and the PLDR indicate the sensitive changes in the
marine optical properties with changing RH. The crystalliza-
tion point for sea salt of 45–48 % RH (Tang et al., 1997) is
marked with a dashed line. The depolarization ratio increases
strongly when RH drops below this point. The change of the
backscatter coefficient with RH is less pronounced.
When RH decreases below the crystallization point at
810 m height, the PLDR starts to increase and takes its max-
www.atmos-chem-phys.net/17/14199/2017/ Atmos. Chem. Phys., 17, 14199–14217, 2017
14208 M. Haarig et al.: Dry marine particle depolarization ratio
(c)(b)
0 1 2 3 4
Backsc. cf. (Mm-1 sr-1)
0
1
2
3
4
H
ei
gh
t a
.g
. (
km
)
0 20 40 60 80 100
RH (%)
355 nm
532 nm
1064 nm
RH (RS)
0 10 20 30 40 50
Temperature (°C)
0 20 40 60 80 100
RH (%)
RH (RS)
Temp (RS)
RH 
(Lidar + RS)
Pot. temp (RS)
0 0.04 0.08 0.12 0.16
Part. depolarization ratio
0 20 40 60 80 100
RH (%)
(a)
Figure 9. Thirty-minute mean profiles of particle backscatter coef-
ficient (a) and particle linear depolarization ratio (c) at three wave-
lengths together with radiosonde RH (indicating the MAL up to
2 km height). The lidar observation was performed on 23 February
2014, 19:45–20:15 local time (23:45–00:15 UTC). The atmospheric
variability was low during the signal averaging period (Fig. 4).
Panel (b) shows the potential temperature (Tpot, radiosonde, launch
at 00:00 UTC) and RH from radiosonde and from lidar (30 min av-
erage). Note the sharp drop in RH from > 70 % (at 1850 m height)
to < 10 % (at 2100 m height). The dashed line marks the sea salt
efflorescence point (45 % RH). Error bars indicate the lidar retrieval
uncertainty. The vertical smoothing window length is 50 m for the
backscatter and RH (lidar) and 100 m for the depolarization ratio.
imum of 0.148± 0.035 at 532 nm at around 1150 m height.
RH increases again between 1000 and 1800 m and reaches
70–74 % (deliquescence point of sea salt) at 1780 m. The
PLDR decreases below 0.02 (532 nm) at this height. This be-
havior will be further discussed in Sect. 4.2. The second de-
crease in RH at the trade wind inversion height leads to a less
pronounced peak in the PLDR (value ± systematic uncer-
tainty) of 0.069± 0.161 at 355 nm, 0.079± 0.036 at 532 nm,
and 0.063± 0.018 at 1064 nm around 2000 m height.
In the 2 h mean profiles of the 24 February 2014 (Fig. 10,
100 m vertical smoothing is applied), maximum PLDRs
of 0.055± 0.109 (355 nm), 0.068± 0.035 (532 nm), and
0.038± 0.010 (1064 nm) are reached in the thin layer of
dried marine aerosol at MAL top. In the humid MAL be-
low, the PLDR is below 0.02 and thus clearly indicates the
spherical shape of the sea salt particles.
The Raman lidar method allows us to derive the extinc-
tion coefficient independently of the backscatter coefficient
and therefore to measure the lidar ratio, shown in Fig. 11. In
the humid MAL on 24 February the lidar ratio is 19± 5 sr at
355 nm and 23± 2 sr at 532 nm, which is typical for spher-
ical marine particles (Müller et al., 2007; Groß et al., 2013;
Rittmeister et al., 2017). For the aerosol layer with dried ma-
rine particles on 23 February (1000–1600 m height), we ob-
tained a lidar ratio of 27± 6 sr (at 355 nm) and 25± 3 sr (at
532 nm) for the cubic-like sea salt particles. The increase in
(b) (c)
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Figure 10. Same as Figure 9 but for 24 February 2014, 18:12–20:20
local time (22:12–00:20 UTC). In panel (b), the respective 2 h RH
profile (from lidar) is shown together with the radiosonde profiles
(launch at 23:07 UTC). The MAL was entirely humid on this day.
the lidar ratio may be explained by the reduction in particle
size, as the sidewards scattering (extinction without absorp-
tion) increases for smaller particles. The results are summa-
rized in Table 1 for dry and humid conditions. There, the re-
sults of our modeling efforts presented in Sect. 5 are shown as
well for comparison. For cubic sea salt particles we simulated
lidar ratios of 13, 20, and 36 sr at 355, 532, and 1064 nm, re-
spectively. David et al. (2013) simulated with the T-matrix
approach a lidar ratio of 19 sr and 20 sr at 355 and 532 nm
for cubic sea salt particles.
4.2 Observation of the phase transition in the
depolarization ratio
A unique opportunity is provided to study the relation be-
tween marine particle shape and RH with high temporal
(5 min) and vertical (50 m) resolution under atmospheric
conditions. The correlation between PLDR and RH for
23 February 2014 is shown in Fig. 12d–f. Only the de-
crease in RH is depicted here (375–1100 m height range).
The crystallization point (45–48 % RH) is more important
than the deliquescence point (70–74 % RH) when the dry-
ing process is highlighted. Inorganic sea salt has multiple
crystallization points due to its complex composition (Tang
et al., 1997; Zieger et al., 2017). The drying follows the
upper branch of the hysteresis as fully deliquesced sea salt
particles are drying. From 80 to 50 % RH the PLDR in-
creases slightly with decreasing RH but remains ≤ 0.02
(532, 1064 nm) and ≤ 0.03 (355 nm, due to higher noise
level). This observation is in line with typical depolariza-
tion values for marine aerosol as used in aerosol classifi-
cation schemes (e.g., Groß et al., 2013). At around 50 %
RH the PLDR increases drastically indicating a significant
change in particle shape from spherical to cubic-like shape.
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Figure 11. Two-hour mean profiles of the lidar ratio for the
23 February (a 500 m vertical smoothing) and the 24 February 2014
(b 750 m vertical smoothing): 532 (green line) without overlap cor-
rection, full overlap at 800–1000 m, and 355 (blue line) with overlap
correction. The RH profile of the radiosonde (black line) indicates
the different layers.
The PLDR reaches maximum values (with systematic uncer-
tainty) of about 0.12± 0.08 (355 nm), 0.15± 0.03 (532 nm),
and 0.10± 0.01 (at 1064 nm) at RH of around 40 %. After
the phase transition from spherical sea salt droplets to cubic-
like sea salt crystals, the depolarization ratio remains at the
high level even for RH close to 35 %. A further drying was
not observed in the atmosphere yet, so we can only speculate
about the depolarization ratio for sea salt particles under very
dry conditions (0–35 % RH).
Furthermore, the measurement of 23 February 2014 con-
tains information about the humidification process. Between
1100 and 1800 m height RH is increasing again up to 80 %.
Figure 13 contrasts the PLDR dependence on RH during
humidification and drying. The sea salt keeps a cubic-like
shape, causing an enhanced depolarization ratio even at RH
close to 60 %. The depolarization values then slowly de-
crease to values below 0.02 typical for spherical sea salt
particles (above around 65–70 % RH). The hysteresis effect
leads to the existence of both shape modes between 50 and
70 % RH.
4.3 Scattering enhancement factors of pure marine
aerosol
Beside the change in particle shape, the particle size is chang-
ing with decreasing RH. Sea salt particles grow by water up-
take when RH increases. The particle backscatter coefficient
is proportional to the surface area of the scattering particles
and therefore a good indicator for particle growth. The AE
(not shown) increase monotonically between 1.0 and 1.5 km
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Figure 12. Correlation of the particle backscatter coefficient (a–c)
and particle linear depolarization ratio (d–f) with RH for the three
wavelengths 355, 532, and 1064 nm. The BERTHA measurements
of 23 February 2014, 23:38–01:08 UTC, at 375–1100 m height are
used (5 min temporal and 50 m vertical resolution). The dashed line
marks the sea salt efflorescence point (45 % RH).
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Figure 13. Correlation of the PLDR at 1064 nm and RH for the
same settings as in Fig. 12, but for a different height interval (375–
1800 m). Above 1100 m (purple stars) RH increases again, up to
80 %, as can be seen in Fig. 9. The depolarization ratio decreases
with increasing RH but keeps higher values. The hysteresis effect
between crystallization (45–48 % RH, dashed line) and deliques-
cence (70–74 % RH, dashed line) can be seen.
(extinction AE, lower limit due to overlap) and between 0.4
and 1.5 km (backscatter 532 to 1064 nm AE). This is a clear
indication for the decrease in particles size. In Fig. 12a-c
the particle backscatter coefficient β is plotted against RH
for the height interval 375–1100 m for the three wavelengths
(λ= 355, 532, 1064 nm), measured with a vertical resolu-
tion of 50 m and temporal resolution of 5 min on 23 Febru-
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Table 1. Measurement and simulation of the lidar ratio and the particle linear depolarization ratio for wet and dry marine particles. The
depolarization ratio (100 m vertical smoothing) and the lidar ratio (500 m vertical smoothing) are measured at the indicated height, to which
the given RH value belongs. The systematic uncertainties are given. The lidar ratio at 1064 nm could not be measured in this configuration
of BERTHA (see Haarig et al., 2016b). For the DDA simulation of spherical and cubic particles the AERONET size distribution (SD) from
Ragged Point at 12:31 UTC on 23 February 2014 is taken. The effective radius was 1.033 µm. In order to mimic dry marine particles, the
radius of the size distribution was divided by a factor of 2. For the wet marine particles a mixture of 7 : 1 parts of water to salt was used. The
model uncertainties are described in Sect. 3.3. The T-matrix results for a typical size distribution of sea salt (O’Dowd et al., 1997) are taken
from David et al. (2013). The modeled uncertainties are extremely small, less than 1 sr for the lidar ratio.
Lidar ratio (sr) Particle depolarization ratio (%) Comments
Wavelength (nm) 355 532 1064 355 532 1064
Measurement
Wet (RH= 80 %) 19± 5 23± 2 – ≤ 3.0 ≤ 2.0 ≤ 2.0 2014-02-24 22:11–00:21 UTC, < 1800 m
Dry (RH= 40 %) 27± 6 25± 3 – 11.5± 8.2 14.8± 3.5 9.9± 1.1 2014-02-23 23:38–01:08 UTC, 1150 m
Simulation
Wet (spherical) 22± 2 27± 3 35± 4 0 0 0 Mie, AERONET SD 2014-02-23
Dry (cubic) 10± 1 16± 2 31± 3 8.8± 2.0 11.9± 2.0 14.2± 2.0 DDA, AERONET SD 2014-02-23
13± 1 20± 2 36± 4 10.8± 2.0 12.8± 2.0 12.0± 2.0 DDA, AERONET SD 2014-02-23, radius/2
19 20 – 15.9± 0.1 16.2± 0.1 – T-matrix, sea salt SD∗, David et al. (2013)
∗ Size distribution from O’Dowd et al. (1997)
ary 2014. The backscatter enhancement factor fβ (RH,λ) is
calculated:
fβ(RH,λ)= β(RH,λ)
β(40 %,λ)
. (1)
Under atmospheric conditions it is hardly possible to observe
completely dry marine particles (RH< 10 %). Therefore the
backscatter coefficient at 40 % RH was chosen as reference
value to normalize the data, as is common in the literature
(see discussion in Skupin et al., 2016). Lower values than
35 % RH were not accessible under the measurement condi-
tions over Barbados. RH of 40 % is below the crystallization
point, so sea salt particles should not be affected by the hys-
teresis any more; i.e., significant shrinking at further decreas-
ing RH should not be the case. Nevertheless, the sea salt par-
ticles are not completely dry at 40 % RH. Laboratory studies
(Tang et al., 1997; Zieger et al., 2017) show an increase of the
enhancement factor of 20–30 % between 0 % RH (f = 1.0)
and 40 % RH (f ≈ 1.2–1.3). Other lidar-based studies used
40 % or 60 % as reference RH (Granados-Muñoz et al., 2015;
Veselovskii et al., 2009) since it was the lowest value found
in their atmospheric measurements. In the following we will
use the expression “dry” when we refer to RH of 40 %, keep-
ing in mind that sea salt is not completely dry but below the
crystallization point.
To parameterize the backscatter enhancement factor, we
follow Kasten (1969) and Hänel (1976):
fβ(RH,λ)= A ∗ (1−RH/100)−γ . (2)
The parameter A gives the extrapolated value at 0 % RH and
the exponent γ describes the hygroscopic behavior of the
particles. This parameterization (sometimes with A= 1 for
starting at 0 % RH) has been used by various investigators
(Carrico et al., 2003; Veselovskii et al., 2009; Skupin et al.,
2016). Retrieving values of A< 1 (Table 2) for the upper
branch of the hysteresis clearly indicates that the reference
RH of 40 % RH for the backscatter coefficient is too high, so
that the sea salt particles are not completely dry.
The backscatter enhancement factors are shown in Fig. 14
with the parameterization according to Eq. (2). The fit is
shown on a linear scale (Fig. 14a) and on a log–log scale
(Fig. 14b). The log–log plot shows that the parameterization
does not hold for the lowest RH. The fit parameters are listed
in Table 2. RH has fairly reached 80 % in the used height in-
terval. fβ (75–80 %) is the averaged value between 75 % and
80 % RH. Additionally, fβ (80 %) was calculated by extrap-
olating the fit. Both values of the backscatter enhancement
factor with respect to the reference RH of 40 % can be found
in Table 2. By taking a dry value at 40 % RH, we underes-
timate the scattering enhancement factor by approximately
25 % (Titos et al., 2016). The extrapolated values are a lot
higher than the measured values at 75–80 % RH. In the fol-
lowing discussion we will only use the measured enhance-
ment factors. The error of the backscatter enhancement fac-
tor results from the standard deviation of the mean values at
40 and 75–80 % RH and the uncertainty introduced by the
error in RH.
For a better comparison to reported literature values, we
convert our backscatter enhancement factors fβ to extinc-
tion enhancement factors fα by means of the backscatter-to-
extinction ratio (lidar ratio S), which was measured for wet
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Figure 14. Backscatter enhancement factor for a dry value at 40 % RH (a) on a linear scale and (b) on a log–log scale. The three wavelengths
are fitted separately by Eq. (2).
Table 2. The fit parameters for the backscatter enhancement factor according to Eq. (2). The backscatter enhancement factor fβ (80 %)
calculated with these fit parameters is compared to the measured factor fβ (75–80 %) between 75 and 80 % RH. The extinction enhancement
factor fα(75–80 % RH) was derived by Eq. (3) to compare with the literature.
Fit Measurement
Wavelength A γ fβ (80 %) fβ (75–80 %) fα(75–80 %)
355 nm 0.532 1.077 3.01 2.75± 0.94 1.94± 0.94
532 nm 0.529 1.487 5.79 4.03± 1.09 3.70± 1.14
1064 nm 0.489 1.837 9.40 5.52± 1.47 5.37± 1.66∗
∗ Modeled lidar ratios used (Swet = 35 sr; Sdry = 36 sr; Table 1).
and dry marine particles (see Table 1 and and Fig. 11).
fα(RH,λ)= Swet
Sdry
fβ(RH,λ) (3)
The extinction enhancement factor is commonly used in
studies of the dependence of particle optical properties on
RH (Kotchenruther et al., 1999; Zieger et al., 2010; Skupin
et al., 2016). For 1064 nm the simulated lidar ratios (Table 1)
have to be used. The errors of the lidar ratios are included
in the error of fα by Gaussian error propagation. Overall,
the relative error of extinction enhancement factor is approx-
imately 50 % in the UV and 30 % for the other wavelengths.
The measured extinction enhancement factors of pure
marine aerosol range from 1.94± 0.94 (at 355 nm) to
3.70± 1.14 (at 532 nm) and 5.37± 1.66 (at 1064 nm). A
clear wavelength dependence is given. Qualitatively the same
wavelength dependence of fα was observed by Kotchen-
ruther et al. (1999) for the wavelengths 450, 550, and 700 nm.
By assuming a high single scattering albedo (ratio of scat-
ter to extinction coefficient) for marine particle (Anderson
et al., 1999; Takemura et al., 2002), the scattering and ex-
tinction enhancement factors should be almost equal.
The scattering enhancement factors in the present study
are in the upper range of reported literature values for marine
aerosol. This probably reflects the almost ideal marine con-
ditions over Barbados during the winter season, when dust
and pollution aerosol from Africa are at the lowest level and
5000 km upwind is only ocean. Zieger et al. (2013) reported
mean scattering enhancement factors f (85 %, 550 nm) for
sea salt of 2.28 at Mace Head, Ireland, 2.86 at Ny-Ålesund,
Svalbard, and 3.38 at Cabauw, Netherlands. A review of
mostly nephelometer-derived scattering enhancement factors
at 550 nm is given in Titos et al. (2016), where the values for
marine environments range between 1.5 and 3.5, depending
on the amount of pollution. The hygroscopic growth of pure
marine particles is strong compared to continental aerosol.
The 7-year measurements in the Southern Great Plains, con-
tinental USA (900 km away from the ocean), yield a scat-
tering enhancement factor f (85 %, 550 nm) of 1.78 com-
pared to a dry value of 40 % RH (Jefferson et al., 2017).
Skupin et al. (2016) found in a 4-year measurement pe-
riod over Leipzig, central Germany (400 km away from the
ocean), an extinction enhancement factor f (80 %, 550 nm) of
1.75± 0.4 compared to a dry value of 40 % RH. For north-
westerly wind directions (from the North Sea) the enhance-
ment factor was slightly higher at Leipzig (1.95± 0.5).
5 Comparison with optical modeling of sea salt cubes
The optical properties of cubic sodium chloride particles
were modeled by using the DDA. The model settings are de-
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Figure 15. Simulation of the lidar ratio and the particle linear de-
polarization ratio for sea salt cubes depending on volume equiva-
lent radius. The three lidar wavelengths are treated separately. The
model simulations with increased number of dipoles (blue line) and
orientations (orange line) are given as an estimation of the uncer-
tainty. A dashed line marks the effective radius (reff = 1.033 µm) of
the AERONET size distribution given in Fig. 16. For the simula-
tions of the cubic sea salt particles, the radius of the particles was
reduced by a factor of 2. Details are given in the text.
scribed in Sect. 3.3. The lidar ratio and PLDR for each wave-
length were modeled as a function of particle size (Fig. 15).
If the particle diameter is close to the laser wavelength (λ)
and smaller, the lidar ratio is high (up to more than 100 sr).
For particle diameters > 2λ, the lidar ratio is 20± 10 sr. The
lidar ratio decreases with further increasing particle size, e.g.,
down to 3.6 sr for the radius r = 2 µm at 355 nm. If the parti-
cle diameter is smaller than the wavelength, the PLDR is very
small. A significant depolarization is produced for particle
Figure 16. AERONET particle volume size distribution for 23
February 2014, 12:31 UTC, at Ragged Point, version 1.5 (Holben
et al., 1998; AERONET, 2017).
diameters≥ λ. Then, values up to 0.27 are reached, although
they vary strongly with particle size. In the atmosphere, we
have always a distribution of particles sizes and so extreme
optical effects are widely smoothed out.
We consider the size distribution inverted by the
AERONET algorithm (Holben et al., 1998) from measure-
ments at Ragged Point on 23 February 2014 at 12:31 UTC
(Fig. 16). It is version 1.5 only, but the inversion of that mea-
surement resulted in the lowest residual error of the sky ra-
diance on that day. We assume that the optical depth during
that measurement was dominated by wet marine particles. To
calculate the optical properties for dry marine particles we
assume that their size is a factor of 2 smaller compared to the
size obtained by AERONET and assume that the lidar ratio
and the linear depolarization ratio for particles with r > 2 µm
is the same as for r = 2 µm particles. The results are given in
Table 1. In the UV the simulated PLDR for the reduced ra-
dius agrees with the measurements. At 532 nm the model un-
derestimates the PLDR, but it is still within the uncertainties
of the lidar system. Whereas at 1064 nm, the model overesti-
mate the PLDR. By using the dry radius size distribution (a
factor of 2 lower radii) the agreement of the spectral slope
of PLDR is much better than using the original AERONET
distribution.
The T-matrix results for cubic sea salt (David et al., 2013)
are given for comparison (Table 1). They agree with the max-
imum PLDR in the UV and visible (see Fig. 12d and e),
whereas the 30 min mean PLDRs (Table 1) are smaller. The
simulations of cubic particles by Kemppinen et al. (2015a)
are limited by the maximum size parameter (x = 10). Taking
the effective radius (1.033 µm) from the AERONET size dis-
tribution (Fig. 16) into account, the lidar ratio (18± 2 sr) and
the PLDR (0.15± 0.05) can be determined at 1064 nm only.
Chamaillard et al. (2003) showed in a modeling study that
a cubic shape assumption (DDA model) is necessary to re-
produce the backscatter of dry marine particles. Their mod-
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eled scattering coefficient could not reproduce the measure-
ments no matter which shape is assumed.
The modeled lidar ratios are smaller than the measured
ones. It is evident that the low modeled lidar ratios at 355 nm
(Table 1) are due to the very low lidar ratios of particles
r > 1 µm (see Fig. 15a). Thus, the deviation between mea-
surements and the models is an indication that our applied
size distributions contain too many large particles. The un-
certainty in the lidar ratio for dried marine particles in the UV
is high. Nevertheless, there is no large difference between
wet and dry marine lidar ratios.
6 Conclusions
The phase transition between spherical sea salt droplets and
cubic-like sea salt crystals has been observed under pure ma-
rine conditions over Barbados. The particle linear depolar-
ization ratio, measured with a triple-wavelength polarization
lidar, significantly increased when RH dropped below 50 %.
The combination of polarization and water vapor measure-
ments with lidar offered the unique opportunity to study this
behavior with high vertical and temporal resolution. The par-
ticle linear depolarization ratio in these dried marine lay-
ers was enhanced on 23 and 24 February 2014 (0.05–0.12
at 355 nm, 0.07–0.15 at 532 nm, and 0.04–0.10 at 1064 nm).
The systematic investigations of the depolarization ratio for
dry marine particles showed maximum values (with system-
atic uncertainty) of 0.12± 0.08 (at 355 nm), 0.15± 0.03 (at
532 nm), and 0.10± 0.01 at 1064 nm.
We compared the optical properties for dry and wet marine
particles at three wavelengths at 40 and 80 % RH, respec-
tively. Complete dry (0 % RH) sea salt particles could not
be found under atmospheric conditions. The extinction en-
hancement factor for the range 40 to 80 % RH is 1.94± 0.94
(at 355 nm), 3.70± 1.14 (at 532 nm), and 5.37± 1.66 (at
1064 nm). These results are given in Tables 1 and 2.
A layer of dried marine aerosol observed over Barbados in
February 2014 probably often exists at the MAL top when
dry free-tropospheric air mixes with humid air in the upper-
most part of the MAL. Extended layers with dried marine
particles, as observed on 23 February, may also occur fre-
quently when the residual layer in the MAL is isolated from
the convectively active MBL, and this residual layer entrains
dry air from the free troposphere.
Satellite-based studies, for example with CALIPSO or
EarthCARE, would be helpful to assess the global occur-
rence of dried MALs. These changes in particle shape may
have an impact on the Earth’s radiative budget over the
oceans and therefore should be studied with global atmo-
spheric models, although the impact of thin layers of dry ma-
rine particles may be low compared to the thicker layers of
humid marine particles below.
Assuming generally spheroidal shape for nonspherical
particles causes errors in the case of marine observations. In-
version algorithms as used in AERONET (Dubovik et al.,
2006) may be affected as well. For dry marine cases, we sug-
gest that a cubic model could be included.
An enhanced depolarization ratio for dry sea salt parti-
cles (up to 0.15 at 532 nm) leads to an overestimation of
dust in aerosol classification and separation schemes (Bur-
ton et al., 2012; Groß et al., 2013; Mamouri and Ansmann,
2014, 2017), so one should be careful in marine environ-
ments (decrease in RH in upper part of MAL) and at coasts
(sea breeze effects and decrease in RH over land). Marine
particles can be injected into the SAL by convective cumulus
convection, where RH is typically below 40 % and thus ma-
rine particles have a cubic-like shape. Mistyping of aerosol
layers will lead to wrong results in further retrieved products,
such as the extinction coefficient, the mass concentration, or
the estimates of cloud condensation nuclei and ice nucleating
particles (Mamouri and Ansmann, 2016).
The existence of cubic-like and spherical salt particles has
been known for a long time, but this study points out the at-
mospheric relevance. Cubic-like sea salt has been measured
under atmospheric conditions. The two shape modes of sea
salt (spherical and cubic-like) exist under atmospheric con-
ditions over the ocean and should be considered in future
aerosol studies.
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4.3 Third publication:
1064 nm rotational Raman lidar for particle extinction and
lidar-ratio profiling: cirrus case study
The content of this chapter has already been published under the title “1064 nm rotational
Raman lidar for particle extinction and lidar-ratio profiling: cirrus case study” by Moritz
Haarig, Ronny Engelmann, Albert Ansmann, Igor Veselovskii, David N. Whiteman,
and Dietrich Althausen. In 2016, the paper was published under the Creative Commons
Attribution 3.0 License in Atmospheric Measurement Techniques with the doi: 10.5194/amt-
9-4269-2016 (see www.atmos-meas-tech.net/9/4269/2016/).
Reprinted with permission by the authors from Atmospheric Measurement Techniques, 9,
4269–4278, 2016.
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Abstract. For the first time, vertical profiles of the 1064 nm
particle extinction coefficient obtained from Raman lidar ob-
servations at 1058 nm (nitrogen and oxygen rotational Ra-
man backscatter) are presented. We applied the new tech-
nique in the framework of test measurements and per-
formed several cirrus observations of particle backscatter
and extinction coefficients, and corresponding extinction-
to-backscatter ratios at the wavelengths of 355, 532, and
1064 nm. The cirrus backscatter coefficients were found to
be equal for all three wavelengths keeping the retrieval un-
certainties in mind. The multiple-scattering-corrected cir-
rus extinction coefficients at 355 nm were on average
about 20–30 % lower than the ones for 532 and 1064 nm.
The cirrus-mean extinction-to-backscatter ratio (lidar ratio)
was 31± 5 sr (355 nm), 36± 5 sr (532 nm), and 38± 5 sr
(1064 nm) in this single study. We further discussed the re-
quirements needed to obtain aerosol extinction profiles in
the lower troposphere at 1064 nm with good accuracy (20 %
relative uncertainty) and appropriate temporal and vertical
resolution.
1 Introduction
Routine, height-resolved observations of the particle extinc-
tion coefficient in the atmosphere are only possible with lidar
(Ansmann and Müller, 2005). The particle extinction coeffi-
cient is one of the key parameters in the description of the im-
pact of clouds and aerosols on environmental, weather, and
climate processes, and in the retrieval of microphysical prop-
erties of the detected cloud and aerosol layers. Two different
lidar techniques are available for the measurement of aerosol
and cloud extinction profiles, the Raman lidar method (Ans-
mann et al., 1990, 1992a; Ansmann and Müller, 2005) and
the High Spectral Resolution Lidar (HSRL) technique (Ship-
ley et al., 1983; Grund and Eloranta, 1990; Hair et al., 2001;
Eloranta, 2005). An HSRL is measuring strong Rayleigh
backscatter signals so that likewise short signal averaging pe-
riods are sufficient to retrieve high-quality extinction profiles.
The technique is thus well suited for airborne and spaceborne
applications (Wandinger et al., 2002; Hair et al., 2008; Essel-
born et al., 2008; Burton et al., 2012; Illingworth et al., 2015).
The Raman lidar method is based on comparably weak ni-
trogen and oxygen Raman backscatter-lidar returns so that
longer signal averaging times are required for an accurate ex-
tinction profiling. However, the lidar setup is relatively sim-
ple and robust and therefore the Raman lidar technique has
proven to be advantageous for long-term ground-based mea-
surements (Turner et al., 2001; Pappalardo et al., 2014; Baars
et al., 2016). This article deals with first atmospheric mea-
surements with a novel rotational Raman channel at 1058 nm
implemented in an operational Raman lidar to allow extinc-
tion profiling simultaneously at 355, 532, and 1064 nm.
The Raman lidar technique is used to measure particle
backscatter and extinction coefficients, and the extinction-
to-backscatter ratio (lidar ratio) since more the 25 years
(Ansmann et al., 1990, 1992a, 1993; Ferrare et al., 1993,
1998). Single-wavelength Raman lidars transmit laser pulses
at 308 or 355 nm, and record height profiles of signals elas-
tically backscattered by air molecules and particles (at 308
Published by Copernicus Publications on behalf of the European Geosciences Union.
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or 355 nm) and inelastically (Raman) backscattered by ni-
trogen molecules at 332 or 387 nm (vibrational–rotational
spectrum), respectively. In the next step, dual-wavelength
Raman lidar came into operation (Müller et al., 1998; Ans-
mann et al., 2000; Mattis et al., 2002; Wandinger et al., 2002;
Murayama et al., 2004) with laser wavelengths at 355 and
532 nm and respective vibrational–rotational nitrogen Ra-
man channels at 387 and 607 nm. The aerosol Raman li-
dar technique opened a solid way for comprehensive studies
of anthropogenic pollution, desert dust, volcanic dust, and
biomass burning smoke at several wavelengths (e.g., Mattis
et al., 2004; Müller et al., 2005; Tesche et al., 2009a; Alados-
Arboledas et al., 2011; Groß et al., 2011, 2012; Nicolae et
al., 2013; Kanitz et al., 2014; Veselovskii et al., 2016) and
found broad application in the European Aerosol Research
Lidar Network, EARLINET (e.g., Amiridis et al., 2005; Pa-
payannis et al., 2008; Mona et al., 2014; Pappalardo et al.,
2014). Particle extinction profiling is also a basic requirement
for a successful retrieval of microphysical aerosol properties
by means of inversion methods (Müller et al., 1998; Müller
et al., 2000; Müller et al., 2013; Ansmann and Müller, 2005;
Veselovskii et al., 2002, 2016).
However, it remained an open issue throughout the years to
measure the aerosol extinction coefficient at 1064 nm. State-
of-the-art multiwavelength aerosol lidars use Nd:YAG lasers
transmitting laser pulses at 355, 532 and 1064 nm. Tech-
niques have been developed to determine height profiles of
particle backscatter and extinction coefficients at 355 and
532 nm, but not at 1064 nm. Only the 1064 nm backscatter
coefficient is delivered. The improved coverage of the wave-
length spectrum by backscatter and extinction pairs at all
three Nd:YAG wavelengths would permit an improved, more
robust characterization of aerosols in terms of optical and mi-
crophysical properties with lidar.
Recently, Veselovskii et al. (2015) presented high-
quality aerosol measurements with an interference-filter-
based 532 nm rotational Raman lidar. This successful fea-
sibility study paved the way to design a 1058 nm interfer-
ence filter concept for successful particle extinction profiling
at 1064 nm. In this article, we report the first lidar observa-
tions of particle extinction at 1064 nm by using such 1058 nm
interference filters. The implementation of a 1058 nm rota-
tional Raman channel into an operational 355/532 nm Raman
lidar is presented. A first three-wavelength Raman lidar mea-
surement performed in a thick cirrus layer is shown and dis-
cussed. In addition, the potential of the new method to allow
for aerosol extinction profiling in the lower troposphere with
appropriate temporal and vertical resolution and accuracy is
discussed.
2 Instrumentation
The methodological background of particle backscattering
and extinction profiling with rotational and vibration–
rotational Raman lidars was recently reviewed by
Veselovskii et al. (2015) and is partly based on the
studies of Whiteman (2003a, b). The theoretical framework,
presented with focus on the Raman lidar applications at 355
and 532 nm wavelength, can be used for the retrieval of
particle backscattering and extinction at 1064 nm wavelength
as well.
We implemented the new 1058 nm rotational Ra-
man channel in our containerized multi-wavelength po-
larization/Raman lidar BERTHA (Backscatter Extinction
lidar-Ratio Temperature Humidity profiling Apparatus)
(Althausen et al., 2000; Haarig et al., 2015). BERTHA has
been used over the past 20 years in 12 major field campaigns
in Europe, Asia, Africa and the Caribbean (Wandinger et al.,
2002; Ansmann et al., 2002; Franke et al., 2003; Tesche et
al., 2009b; Tesche et al., 2011; Haarig et al., 2015). In 2012,
BERTHA was re-designed to allow particle linear depolar-
ization measurements at 355, 532, and 1064 nm, simultane-
ously. During our last field campaign, the Saharan Aerosol
Long-Range Transport and Aerosol-Cloud-Interaction Ex-
periment SALTRACE (Barbados, 4-week campaigns in the
summers of 2013 and 2014, and a 3-week campaign in the
winter of 2014), BERTHA enabled us to derive vertical pro-
files of particle linear depolarization ratio and backscatter
coefficients at three wavelengths and, by means of mea-
sured vibration–rotational Raman signals, of particle extinc-
tion and extinction-to-backscatter ratio (lidar ratio) at two
wavelengths (355 and 532 nm). BERTHA permits us in addi-
tion to measure 532 nm particle extinction profiles by means
of the HSRL technique at 532 nm (Althausen et al., 2012).
The complex lidar setup will be described in detail in the
SALTRACE special issue of ACP (Haarig et al., 2016).
Two Nd:YAG lasers (Continuum, Powerlite) transmit lin-
early polarized laser pulses at 355 and 1064 nm (first laser)
and at 532 nm (second laser). Two additional linear polariz-
ers clean the polarization of the outgoing light. The repetition
rate is 30 Hz and the pulse length 8–10 ns. The pulse ener-
gies can be as high as 1000 mJ (1064 nm), 800 mJ (532 nm)
and 120 mJ (355 nm) in the ideal case of well-working opti-
cal elements in the transmission unit of the lidar. However,
the pulse energies were only about 50 % of these maximum
values during the October 2015 measurements. The beams
are expanded 10-fold and pointed into the atmosphere at an
off-zenith angle of 5◦ to avoid the influence of specular re-
flection by ice crystals in cirrus layers on the backscattered
signals. The receiver field of view (RFOV) is 0.8 mrad. A
53 cm Cassegrain telescope collects the backscattered light.
The signals are detected with a range resolution of 7.5 m and
a time resolution of 10 s. To avoid overloading of the photo-
multipliers (PMTs, photon counting mode) in the near range
we restricted the maximum count rate to 20 MHz for the sig-
nal maximum at about 500 m height. This was achieved by
using neutral density filters in front of the photomultipliers.
The reduction of the backscatter signal strength is small for
the Raman channels. No neutral density filter was used in
the 1058 nm Raman channel in the measurement presented
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in the next section. Systematic effects on the extinction re-
trieval caused by the receiver optics (resulting, e.g., from
polarization-dependent transmission and reflection efficien-
cies) can be excluded.
A sketch of the receiver unit is given in Fig. 1. We re-
placed the 1064 nm interference filter in the total 1064 nm
backscatter signal channel by the 1058 nm interference fil-
ter (now used as the 1058 nm rotational Raman channel),
and we removed the linear sheet polarizer of the 1064 nm
cross-polarized signal channel and used this channel as the
total 1064 nm backscatter signal channel. As mentioned,
the design and realization of the 1058 nm interference fil-
ter used for 1064 nm backscatter and extinction profiling
was motivated by the successful demonstration of high-
quality aerosol measurements with an interference-filter-
based 532 nm rotational Raman lidar (Veselovskii et al.,
2015). The same methodological approach, for the laser
wavelength of 532.07 nm, is applied here for the wavelength
of 1064.14 nm. The interference filter is centered at about
1058 nm (Alluxa, Santa Rosa, CA, http://www.alluxa.com).
The transmission band is from 1053 to 1062 nm with a trans-
mission> 90 % in this wavelength range. For the laser wave-
length of 1064.14 nm, the transmission is specified to be
0.005 %. Broad-band blocking by more than 4 orders of mag-
nitude from 350 to 1100 nm is realized. All filter-related
transmission and blocking specifications are taken from the
manufacturer’s data sheets, provided by Alluxa.
When using a laser wavelength of 1064.14 nm, 88 % of the
total intensity of the rotational Raman backscatter spectrum
(anti-Stokes lines) can pass the 1053–1062 nm filter. The fil-
ter width of 9 nm restricts the detection of 1058 nm Raman
signals to nighttime sky background conditions. The detected
Raman backscatter intensity is only weakly temperature-
dependent (4 % increase of the measured rotational Raman
signal for a temperature decrease from 300 to 230 K). To
guarantee no cross-talk contributions in the rotational Raman
channel even in the case of extremely high elastic backscat-
tering in ice clouds, we used two of the 1058 nm Raman fil-
ters in front of the PMT.
With these two filters, we achieved an overall blocking of
elastic backscatter light in the 1058 nm Raman channel by
better than 10−8. According to Ansmann et al. (1992b), the
Raman filters must be able to suppress elastic backscatter sig-
nals resulting from specular reflection by ice crystals by up to
5–6 orders of magnitude, when pointing to the zenith. Oper-
ation of the lidar at an off-zenith angle of 5◦ reduces the nec-
essary suppression to about 10−4 because specular reflection
is not detectable with this tilted lidar.
The data analysis is performed following the EARLINET
data analysis protocol (Pappalardo et al., 2004). In the
computation of Rayleigh backscattering and extinction con-
tributions to the measured lidar signals, we used GDAS
(Global Data Assimilation System) height profiles of tem-
perature and pressure of the National Weather Service’s Na-
tional Centers for Environmental Prediction (NCEP, NOAA’s
Figure 1. Sketch of the receiver unit of the lidar BERTHA with 13
detection channels (all operated in the photon counting mode): three
elastic backscatter channels (355, 532 and 1064 nm), two cross-
polarized elastic backscatter channels (355p, 532p, index p for per-
pendicular), two nitrogen vibrational–rotational Raman channels
(387 and 607 nm), three rotational Raman channels (532rr, grating
monochromator technique) (Arshinov et al., 2005), one rotational
Raman channel (1058 nm), a water-vapor vibrational–rotational Ra-
man channel at 407 nm and a HSRL channel at 532 nm. All detec-
tors are photomultiplier tubes (PMTs) from Hamamatsu (H10721P-
110, except for 1058 and 1064 nm). For the 1058 and 1064 nm chan-
nels the PMTs R3236 from Hamamatsu are used. To reduce the
signal-to-noise ratio, they are cooled down to lower than −30 ◦C.
Air Resources Laboratory ARL, https://www.ready.noaa.
gov/gdas1.php).
3 Results
First test measurements with the new Raman channel were
performed on 5 October 2015. Figure 2 presents an observa-
tion performed on 12 October 2015 with a well-aligned lidar
during a long-lasting cirrus event. Cirrus provides almost op-
timum conditions for checking the performance of the new
lidar approach. The overlap between the laser beam and the
receiver field of view (RFOV) is complete in the far range
of the lidar and does not introduce any bias in the retrieval
products. Furthermore, the suppression of elastic backscatter
light in the used 1058 nm Raman channel can be checked at
extremely large ice-crystal backscatter conditions. In cirrus,
the particle backscatter, extinction, and lidar-ratio profiles
for all three wavelengths (355, 532, and 1064 nm) should be
rather similar because of the expected almost wavelength-
independent backscattering and extinction properties when
the laser wavelengths are small compared to the size of ice
crystals. In Fig. 3, we averaged 216 000 laser shots (trans-
mitted within 2 h). To reduce the uncertainty in the retrieval
products caused by signal noise to a tolerable level of 20 %,
we smoothed the temporally averaged signal profiles in the
retrieval of the cirrus particle backscatter coefficient with a
vertical window length of 200 m. The extinction profiles in
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Figure 2. Cirrus observation at Leipzig, Germany, on 12 October 2015, 18:20–20:20 UTC. The range-corrected 1064 nm lidar return signals
(7.5 m resolution) indicate an ice cloud layer between 6.5 and 10.5 km height with virga in the lower part. In the right panel, the signal profiles
(rotational Raman channel centered at around 1058 and 1064 nm elastic-backscatter channel) are averaged over the 2 h period shown in the
left panel.
Figure 3. Triple-wavelength Raman lidar observation of cirrus particle backscatter coefficients (left), extinction coefficients (center), and
corresponding lidar ratios (right). The 2 h lidar measurement shown in Fig. 2 was taken at Leipzig on 12 October 2015, 18:20–20:20 UTC. In
addition to the Raman lidar profiles, HSRL profiles (532 nm) are shown. Error bars show the uncertainty caused by signal noise in the case
of the Raman lidar profiles. Uncertainties caused by atmospheric input parameters (temperature and pressure profiles) are small (in the case
of extinction typically 5 Mm−1, in the worst case up to 10 Mm−1) (Ansmann et al., 1992a).
Fig. 3 were obtained from a least-squares linear regression
analysis applied to the 387, 607, and 1058 nm Raman sig-
nal profiles. The window lengths are 2000 m in the case of
355 and 532 nm, and 2500 m and 3200 m below and above
9 km height, respectively, in the case of 1064 nm and the
532 nm HSRL extinction profile. The lidar ratios are cal-
culated for the same coarse height resolution as the extinc-
tion values. Multiple-scattering effects are not corrected in
Fig. 3. The impact will be discussed below. The calibration
of the backscatter coefficient profiles was performed within
the height range just above the cirrus layer (12–15 km height,
355 and 532 nm) or below the ice cloud (between 4 and
5.5 km height, 1064 nm). The particle backscatter coefficient
was set to 10−2 Mm−1 sr−1 at all three wavelengths. This
means that Rayleigh scattering determines the total calibra-
tion backscatter coefficient in the calibration height range for
355 and 532 nm.
Atmos. Meas. Tech., 9, 4269–4278, 2016 www.atmos-meas-tech.net/9/4269/2016/
M. Haarig et al.: 1064 nm aerosol Raman lidar 4273
As can be seen in Fig. 2, the ice cloud layer showed a
stable base height at 6.5 km. The top height was detected
at 10.5 km, probably coinciding with the tropopause. The
backscatter intensity increased by 2 orders of magnitude at
cloud base according to the 1064 nm elastic backscatter sig-
nal (right panel in Fig. 2). As mentioned, to avoid strong
specular reflection effects the laser beams were pointing to
an off-zenith angle of 5◦. The Raman signal profiles do not
show any interference by strong elastic backscatter by ice
crystals.
The 4 km deep, comparably homogeneous cirrus layer
provided favorable conditions for a proper determination of
the cirrus optical properties. The 2 h mean height profiles of
particle backscatter and extinction coefficients, and lidar ra-
tio at 355, 532, and 1064 nm are shown in Fig. 3. To present
the full potential of the BERTHA lidar for aerosol and cloud
research, HSRL solutions (for 532 nm) are shown as well.
Keeping the uncertainty bars into consideration, similar
profiles of the particle backscatter coefficients are obtained at
all three wavelengths with all applied methods (Raman lidar
and HSRL methods). All profiles are based on the analysis
of the profiles of the ratio of the elastic backscatter signal to
the molecule signal.
In the case of the extinction profiles, a good agreement be-
tween the 532 and 1064 nm extinction profiles (Raman lidar
solutions) is visible. The 1064 nm extinction profile is how-
ever comparably more noisy. The 355 nm extinction coeffi-
cients are considerably smaller (by 20–40 Mm−1, about 20–
25 %) than the 532 nm extinction values. In the case of the
532 nm HSRL solutions not all necessary corrections were
applied (e.g., proper consideration of all cross-talk effects
and near-range iodine-absorption saturation effects). This ex-
plains the deviations from the other profiles. We will use this
case in a follow-up paper which will focus explicitly on the
performance of the HSRL branch of BERTHA.
Multiple-scattering (MS) effects are not corrected in
Fig. 3. According to Seifert et al. (2007), the MS factor,
defined as the apparent (observed) extinction coefficient di-
vided by the respective single-scattering (SS) extinction co-
efficient, is 0.6 at cirrus base and larger than 0.9 at cloud top
for BERTHA with an RFOV of 0.8 mrad. The computations
were performed for 532 nm. MS effects are caused by strong
forward-scattered laser radiation which remains in the RFOV
so that the effective attenuation of laser radiation by ice crys-
tal scattering is significantly reduced and leads to an apparent
(effective) extinction coefficient and lidar ratio, about a fac-
tor of 1.1–1.8 lower than the respective SS values. For Fig. 3,
we can conclude that the MS-corrected extinction values
are close to 200 Mm−1 (355 nm) and 250 Mm−1 (532 nm)
around 7–8 km height (cirrus base), and 85 Mm−1 (355 nm)
and 110 Mm−1 (532, 1064 nm) around 9–10 km height (cir-
rus top). Here we assume that MS effects are wavelength-
independent. The cirrus SS-related optical depth is close to
0.46 at 355 nm, 0.59 at 532 nm, and around 0.6 at 1064 nm
when considering the extinction values from the Raman lidar
observations between 6 and 10 km height.
Reasons for the deviation of the 355 nm extinction profile
could be an increase in the MS effect with decreasing wave-
length. Another reason could be related to the cirrus crystal
size distribution which caused stronger extinction at 532 and
1064 nm than at the shorter wavelength of 355 nm. However,
accompanying Doppler lidar observations of crystal terminal
velocity (about 0.7 m s−1 at cloud base) indicate large crys-
tals (with diameters typically exceeding 300–400 µm) so that
a size-related wavelength dependence of backscattering and
extinction is not very likely.
The lidar-ratio observations at three wavelengths in the
right panel in Fig. 3 are the highlight of the study. The lidar-
ratio profiles show similar vertical structures for all three
wavelengths. The slight differences between the effective li-
dar ratios (not corrected for the MS effect) may point to the
different impact of MS for the different wavelengths. The cir-
rus lidar ratios for 532 and 1064 nm are almost equal with
values around 22.5–25 sr at cirrus base to about 35–40 sr
at cirrus top. The 355 nm values are 3–5 sr lower than the
532 nm lidar ratios. Taking the MS effect into account with
an average MS factor of about 0.8 for the 4 km deep cirrus
layer, we end up with MS-corrected cirrus mean lidar ra-
tios around 31 sr for 355 nm, 36 sr for 532 nm, and 38 sr for
1064 nm for this single cirrus event. The variability around
these mean values is of the order of 5 sr.
There are numerous reports on cirrus lidar ratios in the
literature for comparison. However, clear statements on MS
correction and laser pointing (zenith pointing or off-zenith
pointing) are often missing so that comparisons are diffi-
cult. Seifert et al. (2007) reported BERTHA lidar observa-
tion of the cirrus clouds over the tropical Indian Ocean (In-
dian Ocean Experiment, 1999–2000). During the northeast
monsoon season (polluted winter season) the MS-corrected
mean cirrus lidar ratio was 33± 9 sr at 532 nm for off-
zenith pointing conditions and for cirrus layers between 9
and 18 km height. Chen et al. (2002) reported MS-corrected
532 nm cirrus lidar ratios of 35± 15 sr for the 12–15 km
(comparably warm ice cloud) range over Taiwan for the
years 1999 and 2000 obtained with an obviously zenith-
pointing lidar. Giannakaki et al. (2007) used an off-zenith
pointing 355 nm backscatter lidar and found MS-corrected
lidar ratios of 30± 17 sr in cirrus clouds over northern
Greece in the Mediterranean for the 2002–2006 time pe-
riod. Cirrus were observed between 9 and 13 km height
with mid-cloud temperatures from −40 to −65 ◦C. Jos-
set et al. (2012) and Garnier et al. (2015) analyzed space-
borne CALIOP (Cloud Aerosol Lidar with Orthogonal Po-
larization) lidar observations, which were partly performed
at zenith-pointing and off-zenith-pointing conditions. The
authors concluded that the MS-corrected cirrus lidar ratio
around the globe is typically 30–35 sr± 5–8 sr at 532 nm.
Garnier et al. (2015) found that the cirrus mean lidar ratios
are on average around 35 sr for comparably warm ice clouds
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with temperatures higher than about −45 ◦C. The cirrus
layer, discussed in Fig. 3, showed temperatures from−25 ◦C
at 6.5 km height over −36 ◦C at 8 km height to about −50–
55 ◦C at cirrus top. Thus our observation fits well into the
published lidar-ratio climatologies. Furthermore, the simul-
taneous 532 and 1064 nm Raman lidar observations, which
suggest wavelength-independent cirrus backscattering, ex-
tinction, and lidar ratio, corroborate that all the assumptions
which have to be made in the CALIOP cirrus data analysis
regarding wavelength dependence of cirrus optical properties
in the 532–1064 nm spectral range are justified (Vaughan et
al., 2010).
3.1 Outlook: aerosol particle extinction profiling at
1064 nm
As mentioned above, the new method in its simplest con-
figuration, without daylight suppression between the rota-
tional Raman lines as suggested by Arshinov et al. (2005),
is only applicable at nighttime hours because of the broad
9 nm interference filter width. In the following discussion, we
illuminate the potential of two operational lidars regarding
1064 nm extinction profiling of aerosol layers in the lower
troposphere (around 1.5 km height). These two lidars are
BERTHA (with the key features: about 500 mJ pulse energy
at 1064 nm, 30 Hz repetition rate, 53 cm telescope, photon
counting with single-photon quantum efficiency of 0.08 %)
and the NASA GSFC multiwavelength Raman lidar (150 mJ
pulse energy at 532 nm, 50 Hz repetition rate, 40 cm tele-
scope, analog detection with avalanche photodiode, single-
photon quantum efficiency of close to 40 %) described in
Veselovskii et al. (2013). We discuss scenarios with 1064 nm
aerosol extinction values around 150 Mm−1 (lofted mineral
dust layer) and 50 Mm−1 (more typical for smoke and pollu-
tion layers).
From our first cirrus observation with the new 1064 nm
rotational Raman channel in the BERTHA system discussed
above we can draw the following conclusions regarding
aerosol extinction profiling at 1.5 km height. In Fig. 3, at 8–
8.5 km height the measured 1064 nm extinction coefficient is
160 Mm−1 (relative uncertainty 20 %). At 1.5 km height, the
signal strength would be a factor of about 30 higher than at
8 km height due to the reduced distance from the lidar. By us-
ing the same temporal and vertical resolution as in Fig. 3, the
relative uncertainty would thus decrease by roughly a factor
of 5.5 (
√
30). To obtain aerosol extinction coefficients with
an acceptable uncertainty of 20 % (as in the cirrus case in
Fig. 3), we can therefore reduce the smoothing length 1R
from 2500 to about 800 m. The uncertainty decreases with
1/(1R)3/2 (Browell et al., 1979) when the solution follows
from a difference quotient with the step with of 1R as is
the case in the extinction-coefficient retrieval. However, if
the extinction coefficient is 50 Mm−1 (typical for smoke and
haze), we need a regression window length of 1600 m to keep
the relative uncertainty close to 20 %. This means, even by
using a powerful 1064 nm lidar such as BERTHA, the pho-
ton counting unit (with a PMT quantum efficiency of 0.08 %)
is not appropriate for aerosol extinction profiling in the lower
troposphere. Large signal averaging periods in combination
with very large vertical regression window lengths are re-
quired to keep the uncertainties at a tolerable level of 20 %.
The NASA GSFC lidar makes use of analog detection at
1064 nm, with a quantum efficiency a factor of almost 500
higher than the quantum efficiency (photon counting mode)
of BERTHA. Veselovskii et al. (2015) present a 532 nm ro-
tational Raman lidar measurement in terms of aerosol ex-
tinction, backscatter, and lidar-ratio profiles in the lower tro-
posphere; 30 min of signal averaging was sufficient to ob-
tain the particle extinction coefficients of about 150 Mm−1
at 1.5 km height with a vertical resolution of 100 m and a
relative uncertainty of 5–10 %. If we take the λ−4 wave-
length dependence of molecular scattering in the atmosphere
into account, the rotational Raman signal strength in the
1064 nm wavelength range will be reduced by a factor of
16. For simplicity, we ignore here changing overall trans-
mitter and receiver transmission features when going from
532 to 1064 nm. To keep the uncertainties below 10 %, we
need to increase the signal averaging period by a factor of
2 (to 1 h signal averaging) and the vertical resolution must
be decreased from 100 to 500 m. If we further assume that
the 1064 nm aerosol extinction coefficient is of the order of
50 Mm−1, we still can have a reasonable resolution of about
750 m if we accept a higher uncertainty of about 20 %.
In the next step, we will implement a 1064 nm rotational
Raman channel in a Polly system (Engelmann et al., 2016)
and will make extensive aerosol observations with different
detection methods. Both analog and photon-counting detec-
tion and combinations of both need to be checked and tested.
Note that not only extinction profiling is of value. Lidar-
ratio profiling at 1064 nm and thus backscatter coefficient
profiling is of importance, too. There are practically no ex-
perimental data on the lidar ratio of the different dust types
for 1064 nm. Almost all assumed values in the respective
1064 nm backscatter-lidar retrievals rely on model compu-
tations. For an adequate backscatter profiling, the detection
unit of the lidar receiver must be able to resolve 6 orders of
magnitude of signal strength (from 1064 nm dust backscat-
tering to almost pure 1064 nm Rayleigh backscattering) to
allow proper calibration of the backscatter coefficient pro-
files. This is not possible by the use of analog detection.
4 Conclusions
We implemented a rotational Raman channel around
1058 nm in an operational multiwavelength polariza-
tion/Raman lidar in order to obtain measured particle ex-
tinction coefficient profiles at 1064 nm. First measure-
ments were performed in cirrus layers in October 2015.
As expected, wavelength-independent cirrus backscattering
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was observed at all three wavelengths and also almost
wavelength-independent extinction and lidar ratio at 532 and
1064 nm.
We discussed to what extent a proper 1064 nm extinction
profiling with appropriate resolution is possible in the case
of the TROPOS lidar BERTHA and the NASA GSFC Ra-
man lidar. We concluded that efficient photon detection is
required to obtain aerosol extinction and lidar-ratio profiles
with 10–20 % relative uncertainty, 1 h temporal resolution,
and vertical resolution of 750 m.
We conclude that, in the next step, lidar observations of
aerosol layers with different photon detection techniques
(photon counting, analog detection, combination of both) are
required with the goal of finding an optimized detection sys-
tem for a 1064 nm rotational Raman lidar for aerosol ex-
tinction and lidar-ratio profiling. For proper extinction profil-
ing at 1064 nm, analog detection seems to be advantageous.
More generally, an optimized receiver optics and signal de-
tection concept for a 1058 nm Raman channel needs to be
elaborated based on an extended study with an operational
continuously running lidar such as Polly. Furthermore, Ra-
man lidar observations at three wavelengths should focus
on aerosol layers (boundary layer, lower free troposphere)
at very different conditions regarding the contribution by
urban haze, biomass burning smoke, marine particles, and
desert dust. Emphasis should also be put on the comparison
with accompanying Aerosol Robotic Network (AERONET)
photometer observations from 340 to 1640 nm as recently
demonstrated by Veselovskii et al. (2016) by using a state-
of-the-art dual-wavelength Raman lidar.
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Chapter 5
Summary and Conclusions
The overall topic of the this thesis was an in-depth characterization of the optical properties
of large natural aerosol particles. The most abundant natural aerosol types (by mass), min-
eral dust and sea salt, were observed with the triple-wavelength polarization Raman lidar
BERTHA. The lidar-derived optical properties of Saharan dust after long-range transport
and pure marine aerosol under dry and humid conditions were investigated. The measure-
ments were performed in the framework of the Saharan Aerosol Long-Range Transport and
Aerosol–Cloud-Interaction Experiment [SALTRACE, Weinzierl et al., 2017] at Barbados
(13◦N, 59◦W) in 2013 and 2014. During the two summer campaigns, extended Saharan
dust layers could be observed. The winter campaign provided the unique opportunity to
study pure marine conditions. This triple-wavelength lidar was explicitly developed for
SALTRACE and is the first ground-based lidar that measures the particle linear depolariza-
tion ratio at 355, 532 and 1064 nm simultaneously. Further efforts to extend the wavelength
range towards the near infrared to allow even extinction and lidar-ratio profiling at 1064 nm
were undertaken after the SALTRACE campaign, at Leipzig since October 2015.
The most important findings of the thesis are summarized in this concluding section on
the basis of the four questions posed in the introduction.
The first two questions belong the findings of the first publication.
1. How do the optical properties of Saharan dust (measurable with lidar) change during long-
range transport?
2. What (additional) information is conveyed in the spectral slope of the particle linear
depolarization ratio, now measurable from 355 to 1064 nm?
In total 21 night-time measurements of Saharan dust layers over Barbados were analyzed to
answer the first question with focus on the particle linear depolarization ratio [Haarig et al.,
2017a]. The mean particle linear depolarization ratio with standard deviation within the SAL
was found to be 0.25± 0.03 at 355 nm, 0.28± 0.02 at 532 nm and 0.23± 0.02 at 1064 nm
in agreement with the POLIS dual-wavelength (355 and 532 nm) polarization observations
[Groß et al., 2015]. The spectral behavior of the dust depolarization ratio with the maximum
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at 532 nm is shown in Fig. 5.1. The obtained wavelength dependence is a result of changing
contributions of fine and coarse dust particles to the backscatter coefficients. The impact
of the fine dust and coarse dust fraction on the overall depolarization ratio differs from
wavelength to wavelength. The 1064 nm depolarization ratio is almost totally influenced by
the large coarse dust particles, whereas the 355 nm depolarization ratio is very sensitive to
the backscattering by fine dust (accumulation mode) [Mamouri and Ansmann, 2017].
Coincident measurements of the same dust layers over Barbados with BERTHA and one
week later over Missouri with the American airborne lidar HSRL-2 [Burton et al., 2015] led
to the conclusion, that the spectral behavior of the dust depolarization ratio remained un-
changed on the transport way from Barbados towards the midwestern United States (approx.
6000 km transport way).
Compared to the results at 532 nm obtained during the SAMUM-1 (0.31± 0.03) and
SAMUM-2 (0.30± 0.01) campaigns in Morocco and Cabo Verde [Freudenthaler et al., 2009;
Tesche et al., 2011; Groß et al., 2011] and the SHADOW campaign (0.30± 0.05) in Senegal
[Veselovskii et al., 2016], only minor changes in the dust depolarization ratio at 532 nm were
found. These changes are caused by the different removal of fine and coarse dust from the
atmosphere. The particle depolarization ratio at 355 nm remained completely unchanged on
the way from Morocco to Barbados. A significant change occurred at 1064 nm, only. The
1064 nm depolarization-ratio mean value decreased from 0.27± 0.04 in Morocco [Freuden-
thaler et al., 2009] to 0.23± 0.02 over Barbados. This decrease points to a considerable
removal of the large coarse dust particle (particles with diameter > 5 µm). These obser-
vations are in consistency with airborne in situ measurements of the dust size distribution
collected with Falcon over Cabo Verde and Barbados [Weinzierl et al., 2017].
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Figure 5.1: Wavelength dependence of the particle linear depolarization ratio (SAL mean values)
measured with the triple-wavelength polarization lidar BERTHA at Barbados during SALTRACE
(21 cases).
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In agreement with other observations [Lieke et al., 2011; Denjean et al., 2015; Rittmeister
et al., 2017; Weinzierl et al., 2017], the almost unchanged depolarization-ratio values at 355
and 532 nm indicate that particle aging (chemical and cloud processing) has no significant
impact on the shape properties of dust particles. It was hypothesized that dust particles
may change their irregular shape features towards more smooth and spherical contours, so
that the depolarization ratio decreases with increasing distance from Africa.
The unknown shape properties remain a problem in the modeling of dust optical
properties. It was not possible to simulate the optical properties (depolarization, lidar
ratio) at all three wavelengths properly. Significant difference to the observations remained.
It should be emphasized at the end, that the careful characterization of the measurement
uncertainties of the lidar, as carried out in this work, were motivated by the goal to provide
the modeling community with accurate depolarization-ratio observations at 355, 532 and
1064 nm.
3. How do sea salt optical properties and shape characteristics vary with ambient relative
humidity?
The unique opportunity to study pristine marine conditions at Barbados in February 2014
provided the optical properties for dry and wet marine particles at 355, 532 and 1064 nm for
the first time. The extinction enhancement factor measured with the triple-wavelength lidar
BERTHA was found to be 1.94± 0.94 at 355 nm, 3.70± 1.14 at 532 nm and 5.37± 1.66 at
1064 nm. These values exhibit a clear wavelength dependence and are in the upper range of
literature values [Zieger et al., 2013; Titos et al., 2016]. Such high enhancement factors can
only be measured when sea salt dominates and pollution and dust aerosol does not play any
role.
In humid marine layers (around 80% RH), low depolarization ratios (≤0.03) were found.
As soon as RH droped below the eﬄorescence point (around 45–48% RH, Tang et al.
[1997]), the depolarization ratio significantly increased. The lidar observations revealed
depolarization ratios (with systematic uncertainty) of 0.12± 0.08 at 355 nm, 0.15± 0.03 at
532 nm and 0.10± 0.01 at 1064 nm for almost dry marine particles (35–40% RH). With
the measurement of the depolarization ratio, it was possible to observe in detail the phase
transition from spherical solution droplets to non-spherical (cubic-like) sea salt crystals
in terms of optical properties. The lidar ratio for wet and dry marine particles remained
almost unchanged (19–27 sr). These findings can be regarded as a significant contribution to
marine aerosol research and are especially useful in attempts to use lidar for aerosol typing
from ground, air and space [Burton et al., 2012; Groß et al., 2013; Illingworth et al., 2015;
Baars et al., 2017]. Great care has to be taken in the interpretation of aerosol observations
in marine and coastal environments when the relative humidity drops below 60%.
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4. Is it possible to measure, besides the depolarization ratio, also the particle extinction
coefficient and the lidar ratio at three wavelengths?
The advanced multichannel aerosol lidar BERTHA provided the unique opportunity to real-
ize first direct observations of the extinction coefficient and lidar ratio at 1064 nm by means
of the Raman lidar method. A new interference filter at the pure rotational Raman lines
of the 1064 nm primary wavelength was implemented. The direct measurements will re-
place assumptions based on modeling results about the lidar ratio (extinction-to-backscatter
ratio) at 1064 nm, used to retrieve the extinction coefficient from existing widely used elastic-
backscatter lidar measurements at 1064 nm. The first tests in a cirrus cloud presented in
the third publication [Haarig et al., 2016] were promising. The ice crystals are large com-
pared to the emitted wavelength, and so the optical properties should be roughly wavelength
independent. The cirrus lidar ratios for 532 and 1064 nm were found to be almost equal.
The technique is presently used at Leipzig to measure depolarization and lidar ratios
at 355, 532 and 1064 nm for different aerosol types such as Saharan dust, Canadian fire
smoke and regional urban haze. For polluted dust, preliminary lidar ratios of 70–80 sr
were observed at 1064 nm, compared to lidar ratios of 50–60 sr at 355 and 532 nm. A
publication on the lidar ratio at 1064 nm for Canadian smoke in the troposphere and
stratosphere is in preparation. Triple-wavelength lidar ratios of 44± 6 sr at 355 nm,
66± 8 sr at 532 nm and 72± 12 sr at 1064 nm were found for aged wildfire smoke after
long-range transport from western Canada to Leipzig in the troposphere. A stratospheric
smoke layer at 15–16 km height was observed. A very surprising result was obtained for
the particle linear depolarization-ratio spectrum. Whereas the tropospheric smoke caused
almost no depolarization of the backscattered laser radiation (indication for a spherical
shape of the smoke particles), the obviously irregularly-shaped stratospheric smoke caused
high depolarization ratios and a strong wavelength dependence of the depolarization ratio
with values of about 0.23 at 355 nm, 0.18 at 532 nm and 0.04 at 1064 nm, indicating the
absence of a coarse mode in the stratospheric smoke layer.
This work aimed at the improvement of the aerosol characterization by active remote
sensing. The extension to near infrared is crucial for a microphysical characterization of the
influence of large particles on the optical particle properties. Large particles are mostly of
natural origin like mineral dust and sea salt aerosols. Anthropogenic emitted aerosols such
as pollution and biomass-burning smoke mainly belong to the fine mode (diameter <1µm).
Depolarization measurements in the near infrared are sparse and extinction measurements
had never be done before. In future, more measurements of the depolarization ratio and
the lidar ratio at 1064 nm will be performed to develop an aerosol classification scheme
on the basis of the full aerosol wavelength spectrum to better distinguish natural and
anthropogenic aerosol sources. It is planned to implement the extinction measurements
at 1064 nm into several Polly lidars [Engelmann et al., 2016] of PollyNET [Baars et al., 2016].
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In conclusion, the potential of a triple-wavelength polarization lidar to increase our knowl-
edge about the optical properties of dust particles and marine aerosol particles has been
demonstrated. The extension of the wavelength range towards the near infrared improves
the characterization of non-spherical particles, especially of coarse dust particles. The tech-
nique was even extended towards the first triple-wavelength extinction and lidar-ratio mea-
surements. These pioneering developments will improve the lidar observations of aerosols
from ground and space significantly in the upcoming decade. NASA plans, e.g., to operate
a polarization lidar [Mishchenko et al., 2016] on the Aerosol–Cloud–Ecosystem (ACE) space
mission (http://acemission.gsfc.nasa.gov).
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Appendix A
Author’s contributions
to the three publications
First publication:
Triple-wavelength depolarization-ratio profiling of Saharan dust over
Barbados during SALTRACE in 2013 and 2014
For this publication, I performed the lidar measurements during SALTRACE-3 (summer
2014) and analyzed all BERTHA lidar data (case studies and statistics). Furthermore, I did
the characterization of the BERTHA lidar system and the estimation of the measurement
uncertainties in order to provide a quality-assured data set of depolarization-ratio profiles.
Then, I had to coordinate the contributions of the coauthors. Dietrich Althausen and Albert
Ansmann took part in all measurements at Barbados. Ande´ Klepel performed the mea-
surements during SALTRACE-1 (summer 2013) and was together with Dietrich Althausen
responsible for the re-design of the BERTHA lidar system. I had long discussions with
Volker Freudenthaler, whose suggestions helped a lot to characterize this complex lidar sys-
tem. Josef Gasteiger did the modeling of the non-spherical particles. Eleni Marinou analyzed
and provided the CALIPSO data for comparison and the corresponding section 2.5. Silke
Groß provided the POLIS lidar data for comparison and Sharon P. Burton the HSRL-2 data.
Carlos Toledano took care of the sun photometer. The director of the CIMH David Farrell
and the technician Damien Prescord enabled the work at the field site in Barbados. Holger
Baars, Ronny Engelmann, Albert Ansmann, Dietrich Althausen and Rodanthi Marmouri
supported the characterization and analysis process with helpful comments. The manuscript
was written by me and reviewed by Albert Ansmann. All coauthors contributed with helpful
comments.
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Second publication:
Dry versus wet marine particle optical properties: RH dependence
of depolarization ratio, backscatter, and extinction from multiwave-
length lidar measurements during SALTRACE
For this publication, I performed the measurements at Barbados during the SALTRACE-2
campaign (February–March 2014). Then, I analyzed the lidar data (optical properties and
RH calculations). Furthermore, I correlated the depolarization ratio with RH and calculated
the scattering enhancement factors. Dietrich Althausen and Albert Ansmann took part in
the measurements at Barbados. Konrad Kandler provided the microscopy images of the
deliquesence and the cubic-like sea salt samples (Fig. 1+2) and comments on them. Josef
Gasteiger modeled the optical properties of spherical and cubic particles (simulations in Tab.
1) and provided Fig. 15. He is responsible for Sect. 3.3 and gave input for Sect. 5. Martin
Radenz did the ensemble HYSPLIT analysis (Fig. 7). David Farrell as the director of the
CIMH enabled the measurements at Barbados. The results, I mainly discussed with Holger
Baars and Albert Ansmann. The manuscript was written by me with support of Albert
Ansmann.
Third publication:
1064nm rotational Raman lidar for particle extinction and lidar-ratio
profiling: cirrus case study
For this publication, I performed the measurements and analyzed the lidar data including
the rotational Raman calculations for the extinction coefficient at 1064 nm. Ronny Engel-
mann, together with Igor Veselovskii, came up with the basic idea to use the rotational
Raman filters. The calculation of temperature dependence was done by Igor Veselovskii.
The BERTHA lidar would not exist without Dietrich Althausen. Igor Veselovskii, David
Whiteman and Albert Ansmann contributed with their knowledge about Raman lidar. I
discussed the results with Ronny Engelmann and Albert Ansmann. The manuscript was
written by me and reviewed by Albert Ansmann.
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Appendix B
Lists
B.1 List of Abbreviations
ACE Aerosol–Cloud–Ecosystem (ACE) space mission
AD-Net Asian Dust and aerosol lidar observation network
AERONET Aerosol Robotic Network
AMMA African Monsoon Multidisciplinary Analysis
AOT Aerosol Optical Thickness
asl above sea level
BERTHA Backscatter, Extinction, lidar Ratio, Temperature, Humidity profiling
Apparatus
CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
CATS Cloud-Aerosol Transport System
CIMH Caribbean Institute for Meteorology and Hydrology
CCN Cloud Condensation Nuclei
DABEX Dust and Biomass-burning Experiment
DODO Dust Outflow and Deposition to the Ocean project
DLR Deutsches Zentrum fu¨r Luft- und Raumfahrt
EARLINET European Aerosol Research Lidar Network
EarthCARE Earth Clouds, Aerosol and Radiation Explorer
Eq. Equation
et al. et alii (latin for ‘and others’)
Fig. Figure
GDAS Global Data Assimilation System
HSRL-2 High Spectral Resolution Lidar 2
HYSPLIT Hybrid Single–Particle Lagrangian Integrated Trajectory model
INP Ice Nucleating Particles
IPCC International Panel on Climate Change
ITCZ Intertropical Convergence Zone
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Laser Light amplification by stimulated emission of radiation
Lidar Light detection and ranging
LRT Long-range transport
MAL Marine Aerosol Layer
MBL Marine Boundary Layer
ND:YAG Neodymium–doped yttrium aluminum garnet
PMT Photomultiplier tube
POLIS POrtable LIdar System
PollyNET Portable Lidar NETwork
PollyXT Portable Lidar with extended capabilities
PRIDE Puerto Rico Dust Experiment
RH Relative Humidity
RV Research Vessel
SAL Saharan Air Layer
SALTRACE Saharan Aerosol Long-range TRansport and Aerosol–Cloud-interaction
Experiment
SAMUM Saharan Mineral Dust Experiment
Sect. Section
SHADE Saharan Dust Experiment
SHADOW study of SaHAran Dust Over West Africa
SSARA Sun-Sky Automatic RAdiometer
TROPOS Leibniz Institute for Tropospheric Research
UTC Universal Coordinated Time
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B.2 List of Symbols
Symbol Unit Description
ATel m
2 Area of the telescope
a – Atmospheric polarization
a˚α – Extinction A˚ngstro¨m exponent
α m−1 Extinction coefficient
αmol m−1 Molecular extinction coefficient (index may indicate the wave-
length λ0 or λRa)
αpar m−1 Particle extinction coefficient (index may indicate the wave-
length λ0 or λRa)
β m−1 sr−1 Backscatter coefficient
βmol m−1 sr−1 Molecular backscatter coefficient (index may indicate the wave-
length λ0 or λRa)
βpar m−1 sr−1 Particle backscatter coefficient (index may indicate the wave-
length λ0 or λRa)
CS Wm
2 Lidar constant (index S indicates different channels: S=R for
cross polarized channel, S=T for total channel, S=λ0 for elastic
channel, S=λRa for Raman channel)
C – Mueller matrix of the calibration unit
c m/s Speed of light
DS – Diattenuation parameter of the receiver (for index S see CS)
d – Depolarization parameter
dmol – Molecular depolarization parameter
dpar – Particle depolarization parameter
δ – Depolarization ratio
δ∗ – Measured depolarization ratio (calibrated signal ratio)
δmol – Molecular depolarization ratio
δpar – Particle depolarization ratio
δvol – Volume depolarization ratio
 ◦ Misalignment angle of the calibration unit
η – Calibration constant
η∗ – Measured calibration constant
η∗∆90 – Measured calibration constant of the ∆90
◦calibration
ηS – Detector gain (for index S see CS)
F – Mueller matrix of atmospheric backscatter process
GS – System parameter, short notation for all terms insensitive to
the atmospheric polarization (for index S see CS)
HS – System parameter, short notation for all terms sensitive to the
atmospheric polarization (for index S see CS)
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Symbol Unit Description
I – Stokes vector
I L – Stokes vector emitted by the laser
I S – Stokes vector received by the detector
I – 1st component of the Stokes vector (intensity)
IL W Intensity of the laser (radiant flux or radiant energy per unit
time)
I‖ W Received intensity of parallel polarized light
I⊥ W Received intensity of perpendicular polarized (or cross polar-
ized) light
K – System parameter, correction factor for the calibration constant
λ nm Wavelength
λ0 nm Emitted wavelength
λRa nm Raman wavelength
ME – Mueller matrix of the emitter
MO – Mueller matrix of the telescope
MS – Mueller matrix of the receiver (for index S see CS)
NRa m
−3 Number concentration of Raman-scattering molecules
O – Overlap function
Q – 2nd component of the Stokes vector (polarization in parallel and
perpendicular orientation)
R m Range
R0 m Reference height
Spar sr Particle lidar ratio
T – Mueller matrix of atmospheric transmission
TE – Transmission of the emitter
TS – Transmission of the receiver (for index S see CS)
t s Time
U – 3rd component of the Stokes vector (polarization in 45◦ and
135◦ orientation)
V – 4th component of the Stokes vector (circular polarization)
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